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Abstract 
Carbon nanoparticles constitute a class of important materials that have uses in many 
different fields. This thesis focuses on the synthesis and surface modification of 
different carbon nanoparticles and each novel nanomaterial is demonstrated to have a 
specific sensing application. 
Carbon blacks play a significant role in the research that is presented herein. Emperor 
2000, a commercial bulk-produced carbon black available from Cabot Corporation, is 
the starting material for many of the investigations. The surface of Emperor 2000 is 
shown to be susceptible to physisorption, through π-π stacking. These interactions are 
exploited to append pyrene-based compounds onto the surface of the carbon 
nanoparticles. This methodology results in carbon nanoparticles with surface boronic 
acid functionality that is demonstrated to be affective in the electrochemical detection of 
catecholic caffeic acid. 
Emperor 2000 carbon nanoparticles are commercially produced with phenylsulphonic 
acid functional groups on the surface. This functionality is subjected to synthetic 
methods to obtain carbon nanoparticles with extremely hydrohphobic character, which 
are demonstrated as important substrates for probing lipophilic redox systems and lipid 
character under different experimental conditions. 
Fluorescent carbon nanodots (C-dots) are another important form of carbon 
nanoparticle. Herein, the facile synthesis of C-dots that possess intrinsic pyridine 
functionality is described. These nanodots exhibit two-photon fluorescence that is 
exhibited both in solution and in HeLa cells. The nanodots are demonstrated to have the 
potential to be developed into nanomedicines and biocompatible scaffolds for new drug 
delivery mechanisms. 
These straightforward synthesis, modification, and application methods demonstrate the 
effectiveness and the versatility of carbon nanoparticles. This class of nanomaterial is 
generally outclassed by modern and more fashionable carbon nanotubes and graphene-
based systems. However, carbon nanoparticles are more cost effective and readily 
available carbon-based nanomaterials that can be used for a wide range of applications.  
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1.1 Introduction to Carbon Nanoparticles 
Nanoparticle research was pioneered by Michael Faraday in 1857 when he investigated 
thin films of gold, resulting in the discovery of colloidal gold.[1] Since 1857, 
nanoparticles have received substantial attention, which can be attributed to the fact that 
they have extremely large surface-area-to-volume ratios that result in differing 
properties of nanoparticles compared to bulk samples of the same/similar material.[2, 3] 
The large surface area of nanoparticles provides a great number of active sites in which 
target molecules can bind and interact;[4] therefore, the surface is considered a very 
important component of a nanoscale material.[3] 
 
a)  b)  
Figure 1.1 - Nanoparticle examples a) a carbon nanotube b) a C60 nanocage. 
 
A diverse array of nanoscale particles has been produced, which can be fabricated from 
a range of materials, such as platinum, gold, carbon etc., and form an assortment of 
shapes including spherical nanoparticles, nanotubes, and nanocages, see Figure 1.1.[5] 
Nanoparticles have received significant attention as they exhibit many unique functions 
and characteristics that are attributed to their nanoscale dimensions, typically 1-100 nm 
diameters.[4, 6, 7] 
One of the first methods of nanoparticle synthesis to be reported was published in 1976 
by Birrenbach and Speise. This report demonstrated that a water and hexane-based 
reverse micellar system was used to investigate the use of nanoparticles as drug 
carriers.[8] This led to a large amount of research into nanomaterials; however, more 
recently surface immobilised arrays of nanoparticles have received more attention.[9, 
10] When the arrays were immobilised onto surfaces, it enabled the nanoparticulates to 
be developed into sensors. This was possible because the outer surface of the 
nanoparticles is the first component of the particulate to interact with the environment. 
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This means that, although nanoparticles are often referred to by the core material (i.e., 
carbon), the surface properties of any given nanoparticle are closely, and sometimes 
implicitly, linked to their application (Figure 1.2).[3] By means of surface modification, 
nanoparticles can be functionalised so that they exhibit certain properties; therefore, 
there is the potential for a vast number of substrates to be detected using nanoparticle-
based methodologies.   
 
 
Figure 1.2 - Schematic diagram of a generic nanoparticle. 
 
Carbon nanomaterials receive a huge amount of research interest. With the discovery of 
carbon nanotubes (CNTs) by Iijima in 1991[11] and graphene by Novoselov and Geim 
in 2004,[12] nanocarbons represent an ever expanding research area. In contrast to 
newer, more fashionable nanocarbons, carbon nanoparticles (CNPs) have been around 
for a number of decades. The earliest known use for CNPs was as a pigment for 
prehistoric wall art,[13] since then CNPs have established a wider range of scientific 
and technological applications, and became an extremely important material in the 
rubber and tyre industries as fillers to elongate the lifetime of polymers.[14-18]  
 
 
Figure 1.3 - Scheme representing the covalent functionalisation of single-walled carbon nanotubes (SWNTs) by 
nitric acid oxidation. 
4 
CNTs are cylindrical tubes of sp
2
 hybridised carbon that have received a large amount
of attention with regards to nanotechnology, especially for the purposes of sensing and 
drug delivery applications.[19-22] Generally, CNTs can be divided into two discrete 
classes of nanomaterial. Single-walled carbon nanotubes (SWNTs) consist of a layer of 
graphene rolled along a vector to form a cylindrical tube with a diameter of 
approximately 1 nm.[23] Multi-walled carbon nanotubes (MWNTs) are formed from 
more than one graphene sheet being rolled into concentric tubes that have much larger 
diameters, ranging from 10 to 100 nm.[24] CNTs are associated with a number of 
toxicity and health issues, mainly because of their hydrophobic nature.[20] Many 
functionalisation strategies have been used to modify the surface of CNTs to alter the 
hydrophobicity and to increase biocompatibility. A common route for the modification 
of CNTs is to use diazonium chemistry to covalently attach molecules to the side 
walls.[19] This can lead to the appendage of peptides, proteins, and other moieties for 
targeted drug delivery or optimised sensing applications. 
Figure 1.4 - SWNT with a single strand of DNA modifying the surface through π-π stacking. Reproduced from 
reference.[25] 
The most common modification of CNTs documented in the literature is oxidation at 
CNT defects and tube ends, see Figure 1.3. This involves the formation of carboxyl 
groups from oxidising agents, quite often nitric acid, which results in CNTs that are of a 
much more hydrophilic nature.[26, 27] Other covalent functionalisation techniques that 
have been applied include the application of cycloaddition reactions to the CNT side 
walls,[28, 29] the addition of hydrophilic polymers such as poly(ethylene-glycol) 
(PEG),[30, 31] and conjugation of biological molecules. Non-covalent modifications 
have also been applied to CNTs by the physisorption of compounds through the π-π 
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interactions that occur between the side walls of the nanotubes and aromatic compounds 
with available delocalised electrons, see Figure 1.4.[25, 32-34]  
 
 
Figure 1.5 - Cyclic voltammograms (scan rate 200 mV s-1) for 50 µM nicotine in 0.1 M phosphate buffer (pH 7.4) at 
a glassy carbon electrode modified with (a) MWNTs and (b) CNPs. Reproduced from reference.[35] 
 
CNTs are widely employed for the direct modification of electrodes, whereas the much 
less expensive alternative, carbon nanoparticles have received very little attention in 
comparison. A study by Lo and co-workers in 2012 compared the activity of optimised 
CNP-modified electrodes with optimised MWNT-modified electrodes for the detection 
of nicotine.[35] The capacitive current was considerably higher in the CNT-modified 
system compared to the CNP equivalent; however, in both cases the non-Faradaic 
current increased as a function of deposition amount consistent with increasing active 
surface areas. Perhaps surprisingly, the Faradaic oxidation signal for nicotine was more 
clearly resolved on the CNP-modified electrode as the large capacitive current on the 
CNT-modified electrode resulted in the oxidation peak being obscured, see Figure 1.5. 
Using both CNPs and CNTs resulted in nanostructured electrodes that gave much 
improved limit of detection (LOD) compared to the standard working electrode; 
however, optimised CNP-modified electrodes could achieve a LOD of 2.0 ± 0.3 µM 
nicotine, whereas the optimised CNT-modified equivalent could only detect                
5.0 ± 0.3 µM nicotine.[35]  
CNPs offer many of the advantages of other nanocarbons including extremely high 
surface area, conductivity and a multitude of reactive surface and adsorption      
sites.[36, 37] Also, CNPs are generally much more economically viable than other 
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nanocarbons as they are relatively inexpensive and are produced commercially in bulk 
quantities. The term CNPs incorporates a variety of materials such as carbon blacks, 
carbon dots (C-dots), and core-shell carbon composites. In this introductory chapter, I 
will discuss the importance of the less-hyped CNPs and summarise recent research that 
is being performed on these types of materials. This thesis will then demonstrate other 
applications of modified CNPs, many of the new carbon-based materials can be 
considered as less expensive and less complex alternatives to modified CNTs.  
 
1.2 Formation of Carbon Nanoparticles 
The formation of solid carbon materials in the nanometre size order has been studied for 
many years and remains an important area of research in a number of fields. Strict size 
control is preferred but this remains a challenge. There are currently two main 
techniques used to synthesise carbon nanoparticles, each have a large number of 
variables, which can lead to nanomaterials with very different properties. These 
methods are discussed in more detail in the following sections. 
 
1.2.1 Synthesis through Combustion Methods 
For many years, the formation of CNPs has been achieved by using either the pyrolysis 
(pre-mixture of fuel and air) or incomplete (oxygen diffusing into a gaseous fuel) 
combustion of hydrocarbons. Polymer precursors are popular for pyrolysis 
methodologies; this is because the fuel is required to be thermally stable and able to 
form useful carbon residues following high-temperature processing.[38] The 
carbonisation process can occur by using a number of different techniques, premixed 
flame methods are most common, in which the oxidiser is mixed with the hydrocarbon 
fuel in advance ensuring that all reactants are readily available.[39, 40] Laminar 
diffusion flames burn slower as the rate of combustion is limited by the rate at which 
the oxidiser diffuses into the fuel supply.[41, 42] Turbulent flames operate by mixing 
the oxidiser and the fuel for prolonged times until ignition occurs,[43, 44] also many 
other flame-based methods have been utilised.[45-47]  
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The incomplete combustion of hydrocarbons leads to the formation of condensed 
carbonaceous particles in the nanometre diameter range, these combustion-generated 
materials tend to exhibit the transport and surface related phenomena associated with 
nanoparticles in addition to maintaining molecular features such as chemical 
reactivity.[48] These CNPs, often called carbon blacks, occur through condensed-phase 
material formation. The combustion of hydrocarbons to form carbonaceous 
nanomaterials follows an entropically favourable mechanism that is attributed to gas 
production. The most common intermediate in hydrocarbon pyrolysis is acetylene, 
although the formation of acetylene from saturated hydrocarbons is endothermic, the 
process is associated with a large release of hydrogen gas, which significantly increases 
the entropy of the process. Berthelot suggested that acetylene was a necessary 
intermediate for solid carbon formation,[49] as did Porter who explained that 
simultaneous polymerisation and hydrogenation of acetylene was essential to CNP 
formation.[50] The formation of benzene is considered to be the next step in the 
mechanism; this is an exothermic process and a decrease in enthalpy is observed due to 
bond formation; however, this is an entropically disfavoured process but the Gibbs free 
energy is slightly reduced overall. Polycyclic aromatic hydrocarbons (PAHs) form over 
time because of entropically favourable conversions from benzene and eventually, solid 
carbon particles are formed as further dehydrogenation occurs.[51, 52] 
 
1.2.2 Hydrothermal Conversion Methods 
The hydrothermal method of processing materials originally described the way in which 
water changed the Earth to form rocks and minerals at high temperatures and pressures. 
More recently, hydrothermal processing was defined as any chemical reaction in the 
presence of a solvent (usually aqueous solvents, as non-aqueous processing is often 
termed solvothermal) at elevated temperatures and pressures, within a closed 
system.[53] Hydrothermal carbonisation (HTC) utilises hydrothermal conditions as a 
technique to synthesise carbonaceous materials from inexpensive and widely available 
precursors such as carbohydrates,[54-56] polymers,[57, 58] and biomass,[59, 60] to 
name a few.[61] The HTC process has advanced since it was pioneered for the synthesis 
of solid state oxides[62] and sulfides,[63] and is now utilised for the synthesis of a wide 
range of new solid materials with control over their shape, size, and functionality.[64] 
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HTC has many other advantages over conventional processing methods; the 
experiments are simple and cost effective, there is better control over nucleation, greater 
dispersion and rates of reaction, as well as being more environmentally friendly as the 
process is carried out in a closed vessel.[38, 53, 59] The HTC process usually takes 
place at temperatures between 160 and 200 
o
C.[65] During the course of the 
experiments, the starting material undergoes dehydration, condensation, polymerisation, 
and aromatisation to yield colloidal carbon nanoparticles.[38] One of the major 
advantages of HTC methods rather than combustion methods is that the surface of the 
nanoparticles tends to have a much more diverse surface functionality. That is to say, 
that the surface can be modelled on the precursor material.[56] 
 
1.3 Characterisation of Carbon Nanoparticles 
Early characterisation studies of carbon black films was performed within the group of 
Fletcher by using optical imaging at solid liquid interfaces.[66]  During these 
investigations carbon black particles were deposited onto cellulose-coated glass slides 
from a water suspension. This enabled the extinction coefficient of carbon black to be 
obtained as 1.6 x 10
6
 m
-1
; with this information, absorbance imaging was used to 
determine both absorbance and film thickness at liquid-liquid emulsion drop surfaces, 
see Figure 1.6. This technique proved to be a relatively straight forward method to 
characterise carbon films on both solid and liquid interfaces, which clearly 
demonstrated the tendency of commercially available Emperor 2000 carbon 
nanoparticles to form aggregates.[66] 
 
 
 
Figure 1.6 - Light path length (z-value) images derived from absorbance imaging of (a) clean cellulose-coated glass 
surface (b) deposited film of Emperor 2000 CNPs before washing and (c) a film of Emperor 2000 CNPs on cellulose-
coated glass after washing with SDS solution. Reproduced from reference.[66] 
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Many other surface analysis techniques are used to characterise a range of novel carbon 
nanoparticles. One very common way to elucidate the molecular properties of 
nanomaterials is to use X-ray photoelectron spectroscopy (XPS). XPS is a quantitative 
characterisation technique that involves the irradiation of the material of interest with an 
X-ray beam. XPS can be used to study the energy distribution of electrons that are 
emitted from X-ray-irradiated species.[67] Unlike other techniques, XPS can be used to 
investigate all electrons in a species; therefore, the core electrons can be studied in 
addition to the more easily accessible valence electrons. Following X-ray irradiation, 
electrons are emitted and the relative binding energies can be obtained, which then leads 
to information regarding the chemical environment of each atom present in the 
sample.[67]  
 
 
Figure 1.7 - (a) SEM image and (b) AFM image of TMOS/CNP/Laccase modified electrode (reproduced from 
reference).[68] SEM images of (c) CNPs/PVA and (d) Hb/CNPs/PVA on glass slides (reproduced from 
reference).[69] 
 
Microscopy is often used to identify the characteristics of nanomaterials. Scanning 
electron microscopy (SEM) and atomic force microscopy (AFM) can be used to obtain 
visual information regarding the surface morphology of nanoparticles.[68-71] For 
example, Szot and co-workers from the Opallo group utilised these two techniques in a 
complimentary basis. SEM indicated that carbon nanoparticles form globular structures 
on the surface of a tetramethoxysilane (TMOS)/CNP/laccase electrode, and AFM was 
10 
able to demonstrate that the CNPs were evenly distributed throughout the film, see 
Figure 1.7(a) and (b).[68] Yu and a team from Wuhan University have shown how 
different film growth conditions can lead to different morphologies and porosities. In 
one study, they showed that polyvinyl alcohol (PVA)-CNP films resulted in compacted 
nanostructured films on glass, whereas when haemoglobin was introduced into the 
matrix, the films formed a three-dimensional porous film, Figure 1.7(c) and (d).[69] In 
addition to these imaging techniques, transmission electron microscopy (TEM) can be 
used to study the inner structure and contours of nanoscale materials. This technique 
allows for nanoparticle size distribution information to be obtained.[60, 71-73] A 
further optical imaging microscopy that can be used is Brewster angle microscopy 
(BAM); this technique is based on the Brewster angle, which is the angle at which       
p-polarised light does not reflect off of a specific surface.[74] Any changes in the 
surface morphology or composition will, therefore, result in reflection at the Brewster 
angle. BAM can provide lateral information regarding the structure of monolayers, and 
has demonstrated an excellent ability to detect phase transitions.[75] 
1.4 Commercially Available Carbon Black 
One of the main commercial uses for carbon black is as an additive to polymeric 
materials, with great emphasis on the tyre industry. The stabilising effects of carbon 
nanoparticles on rubber lifetimes arise for a number of different reasons. The surface 
groups of the nanomaterials are known to interact with polar rubber materials, which 
result in reinforcement of the polymer.[76]  These surface groups are typically 
carboxylic acids, phenol, quinone and lactone groups, which attach to the graphitic edge 
planes of carbon nanoparticles.[50]  Pĕna investigated the behaviour of carbon blacks in 
more detail and discovered that the efficiency of the nanoparticles on prolonging the 
lifetime of the rubbers was increased with increasing concentration and decreasing 
particle size.[77] During this research, it was realised that carbon black pigments  were 
effective as single- and triplet-state quenchers of carbonyl chromophores present in low 
density polyethylene.[77] Further to this, the adsorption of antioxidants and specific 
light stabilisers onto the surface of the carbon black pigments were investigated by 
using flow microcalorimetry. This showed that the adsorption activity is related to the 
number of active functional groups on the surface of the carbon black material. It was 
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also clear that carbon nanoparticles with highly oxidised surfaces showed a greater 
adsorption affinity for the stabilisers. This resulted in the realisation that the surface 
functionality of the carbon black greatly affected the stabilisation properties of the 
additives.[78-81]  
Although a large number of carbon nanomaterials are actively utilised in industrial 
applications and in academic research, carbon nanoparticles, especially carbon blacks, 
constitute some of those most commonly used. This can largely be attributed to their 
advantageous mesoporous structure combined with inexpensive manufacturing costs. 
Therefore, there are a number of commercially available carbon black nanoparticles, 
which have a diverse array of surface functionalities. One of the most frequently 
exploited carbon blacks is Vulcan XC-72R (Vulcan).[82, 83] This carbon black material 
is particularly popular for the development of electroactive catalysts because it exhibits 
beneficial characteristics, namely high surface area and good electrical conductivity. 
Vulcan is provided on a large scale by Cabot Corporation. It has interesting surface 
chemistry as the surface is essentially furnished with quinone moieties.[83] This surface 
functionality renders Vulcan an important precursor material to undergo a vast number 
of surface modifications. The major surface chemistry associated with Vulcan is 
oxidation; a large number of studies have demonstrated how different oxidation 
conditions result in Vulcan nanoparticles with differing functional groups at the surface, 
such as, carboxyl groups, lactones, anhydrides, phenols, and additional quinone 
groups.[83-87] For these reasons, Vulcan is considered the most utilised carbon black. 
Vulcan carbon blacks have been important in the development of platinum-supported 
electrocatalysts. A common preparation for such catalysts is through the incipient 
wetness impreganation method.[88] This type of electrocatalyst can be used for a 
number of important technological applications, for example it is most often found in 
fuel cells.[87, 89] The electrocatalytic activity of such carbon-based catalysts can be 
tuned by adjusting the surface functionalities and subsequently the catalyst 
morphology.[90] The electron transfer in Pt/Vulcan electrodes occurs through the 
oxygen atoms that are located at the surface of the support; therefore, the metal/support 
interaction is important, and this can be altered by surface modifications on the Vulcan 
carbon material, which will result in more efficient functional groups and chemical 
linkages at the Pt/C surface as well as increasing the surface area.[90, 91] Hence, the 
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electrocatalytic activity for such carbonaceous materials can be adjusted by changing 
the morphology through the surface functionality.  
The morphological characteristics of carbon black nanomaterials are largely discussed 
in terms of individual nanoparticles, agglomerates, and primary particles. Individual 
nanoparticles tend to be on the size order of 1 to 50 nm, aggregates are rigid and 
discrete colloidal entities that consist of a group of individual particles, and primary 
particles are non-discrete components that are made of disordered clusters of individual 
particles and aggregates to form spherical shapes with a large size distribution.[92] The 
most commonly used technique for studying the morphology of such nanomaterials is 
SEM, see Figure 1.7.  
 
 
Figure 1.8 - Schematic representation of an Emperor 2000 carbon nanoparticle.  
  
The focus of this thesis is another carbon black that is commercially available from 
Cabot Corporation; Emperor 2000 carbon nanoparticles. These nanoparticles are a form 
of carbon black that contain predominantly phenylsulfonate groups on the surface, as 
shown in the schematic illustration in Figure 1.8. These carbon nanoparticles are 
produced through a method that is based on diazonium chemistry.[93, 94] Emperor 
2000 nanoparticles provide an excellent starting material for covalent attachment of 
molecules, physisorption through π-π stacking mechanisms, and hydrothermal wrapping 
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techniques to deliver functionalised core-shell materials. These methods will be 
discussed in more detail in the relevant results and discussion section of this thesis.            
 
1.4.1 Covalent Surface Modification Strategy 
Industrially manufactured Emperor 2000 carbon nanoparticles with surface 
phenylsulfonate (also known as tosyl) groups have been used for a number of 
electrochemical investigations, and in 2008 Rassaei formed stable films by using this 
material in different ways. Drop-cast methods involving solvent evaporation onto glassy 
carbon electrodes was used[95] as well as layer-by-layer deposition.[37] However, both 
of these methods required a binder. To further the capabilities of this electrochemically 
active material, the introduction and modification of functional groups was explored to 
improve the chemical selectivity and charge density at the active surface.[96, 97] 
Watkins and colleagues in the Marken group utilised the Emperor 2000 carbon 
nanoparticles as the starting material and developed a method to convert the negative 
sulfonate functionality into positive amine groups. This was achieved by converting the 
sulfonate groups into reactive sulfonyl chloride species by using thionyl chloride, before 
reaction with a diamine to form a sulfonamide linker and terminal amine units, see 
Figure 1.9.[97]  
 
 
Figure 1.9 - Method used by Watkins et al. to convert the surface charge from negative to positive. Reproduced from 
reference.[97] 
 
This work enabled new Emperor 2000-based nanocomposite materials to be formed 
through the mixing of the starting material and the product as the complementary 
surface charges assembled into an ionic film. Also, this surface modification method 
resulted in nanoparticles with available amine functionality that could be used for a 
number of further functionalisations, such as, the covalent attachment of redox active 
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moieties[98] or subjecting the particles to amide coupling conditions to append other 
interesting molecules.[99]  
 
1.4.2 Surface Modification by Hydrothermal Wrapping 
Hydrothermal methodologies can be used to convert a variety of precursor materials 
into carbonaceous nanomaterials, as discussed in section 1.2.2. An important factor in 
the design of a HTC method is the choice of precursor material as this will have a strong 
influence on the resulting surface functionality of the carbonised nanomaterial. Starting 
materials that contain amine groups have been shown to result in nanomaterials with 
positively charged surface features.[100-102] Chitosan has been subjected to the HTC 
method and was demonstrated to agree with previous literature reports by forming 
highly positively charged materials; however, like many materials formed in this way, it 
was revealed to be completely electrochemically insulating, which could be attributed to 
a layer of poorly carbonised material that acts as a barrier to electron transfer, see Figure 
1.10.[65] This methodology was then applied to chitosan in combination with Emperor 
2000 carbon nanoparticles, known to be highly conducting, and a method for producing 
core-shell carbon was reported that resulted in an electrically conducting 
nanomaterial.[65]  
 
 
Figure 1.10 - Schematic drawing of core-shell carbon nanoparticles with (A) blocking shells (B) electrically open 
shells. Reproduced from reference.[103] 
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Further studies have shown that control of shell thickness and shell properties are 
possible and these prove to be crucial factors for accessing desired advanced functional 
characteristics. In the case of chitosan-Emperor 2000 core-shell carbon-hydrothermal 
nanoparticulates, the product was strongly pH responsive over all accessible aqueous 
pH values.[103] The composite exhibited high capacitance and improved conductivity 
in acidic conditions compared to poor conductivity and insignificant capacitance in 
alkaline media.[103]  
 
1.5 Electrochemistry of Carbon Nanoparticles and Nanocomposites 
Carbon nanoparticles in electrochemistry can be adhered to a number of different 
working electrodes including glassy carbon, graphite, tin-doped indium oxide (ITO) etc. 
by using drop-cast methodologies. Nanoparticles are commonly prepared as 
suspensions in ethanol,[65, 103] water,[97, 104] and other solvents.[69, 72] This allows 
a drop to be placed directly onto the working electrode and evaporated to form either a 
continuous film or a layer of discrete nanoparticles, depending on the concentration of 
the solution and the drying process. If the chemical composition of the carbon 
nanoparticles and the deposition solvent allow, then this can form an insoluble film that 
allows for electrochemical analysis and characterisation. 
 
 
Figure 1.11 - Plot of the capacitance (from cyclic voltammetry data - scan rate 50 mV s-1, 0.1 M phosphate buffer 
pH 2) versus the amount of carbon deposit. Reproduced from reference.[103] 
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The deposition volume results in different film thicknesses and active surface areas. If 
the deposited carbon nanoparticles have good conductivity, then there should be an 
increase in the capacitive current proportional to the deposition volume, as 
demonstrated by Xia and collaborators.[103] This study reported a completely 
electrochemically active core-shell film with a specific capacitance of 18 F g
-1
 and 
linear dependence was observed with increasing amounts of carbon added, see Figure 
1.11.[103] In contrast, an earlier study by Xia looked at the same material with a thicker 
shell composition.[65] This resulted in an electrochemically inactive material and as a 
result it was only the ITO capacitance that was observed, as shown in Figure 1.12. This 
can be explained by poor conductivity of the carbon-based nanoparticles, which resulted 
in no change in capacitance as a function of deposition amount.[65] It is important to 
note, that the capacitance of sp
2
 carbon is also dependent upon the electron occupancy. 
 
 
Figure 1.12 - Cyclic voltammograms (scan rate 100 mV s-1) for (i) 10 µg (ii) 25 µg  (iii) 50 µg (iv) 100 µg of carbon 
deposit on ITO in 0.1 M phosphate buffer pH 2. Reproduced from reference.[65] 
 
Covalent immobilisation onto the carbon nanoparticles enables a range of interesting 
materials to be developed and studied with improved surface area; this allows these 
materials to be investigated in greater detail and further the understanding of the 
carbonaceous materials. Anthraquinone is one such redox active species that has been 
exploited in this way through covalent attachment to Emperor 2000 carbon 
nanoparticles.[98] Anthraquinone functionality has been important for investigating 
processes such as pH sensing,[105, 106] oxygen reduction,[107, 108] thiol 
reactions,[109] and as a redox mediator.[110] In the covalently bound form, 
anthraquinones provide a reversible redox system that is robust over a large pH 
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range.[106] The anthraquinone moiety has been successfully bound to Emperor 2000 
carbon nanoparticles through ethylene diamine-modified carbon nanoparticles[97] 
reacting with bromomethyl-anthraquinone.[98] The nanoscale of the carbon material 
leads to increased bulk density of anthraquinones in the pores of the nanoparticle 
aggregates; this contributes to unique buffer capacity effects being witnessed. That is to 
say, at pH values corresponding to the maximum buffer capacity (i.e., pH 2, 7, and 12 in 
the case of phosphate buffer) an increased peak current is observed in addition to a 
lower peak-to-peak separation.  
 
 
Figure 1.13 - (A) CVs (scan rate 20 mV s-1) for anthraquinone-modified carbon nanoparticles (10 mL of 2 mg mL-1 
onto 3 mm glassy carbon working electrode) immersed in 0.1 M phosphate buffer pH 7 with (i) no pre-treatment (ii) 
pre-treatment by immersion into 1 mM NBu4Cl (iii) pre-treatment by immersion into 1 mM KBPh4 (B) Schematic 
representation of anthraquinone-modified carbon nanoparticle aggregates when deposited onto the electrode surface 
where the pore interior and exterior surfaces show reactivity differences. Reproduced from reference.[98] 
 
The peak shape is also affected by the pore-reactivity, which is influenced by the 
surface charge of the modified carbon nanoparticles. The secondary amine linker is 
protonated over a large pH window that introduces a net positive charge onto the 
particulate surface. When the modified electrode is immersed into a solution of 
negatively charged BPh4
-
 solution prior to electrochemical investigation, the current 
values for both the anodic and cathodic peaks are reduced to half of the initial current, 
as shown in Figure 1.13. This equates to the anthraquinone moieties that are embedded 
within the pores of the film, which are becoming inactive because of physisorbed 
anions. This demonstrates the ability of modified Emperor 2000 carbon nanoparticles to 
act as high-density carriers for redox active species.[98]  
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Figure 1.14 - Schematic representation of the interaction of a CNP stabilised microdroplet with an ITO electrode 
surface based on 5,10,15,20-tetraphenyl-21H,23H-porphinato manganese(III) chloride (MnTPP) undergoing a one 
electron reduction at surface-bound CNP, upon reduction PF6
- is transferred from the organic phase to the 
surrounding aqueous phase. Reproduced from reference.[111] 
 
Carbon nanoparticles have been shown to successfully catalyse simultaneous electron 
transfer and ion transfer processes at triple phase boundary junctions.[111]  CNPs have 
been used for a number of decades to stabilise liquid|liquid interfaces with high binding 
constants and strong stabilising effects.[112-114] Unlike conventional surfactants, CNPs 
act as nanoparticle surfactants that create triple-phase boundary zones with space between 
the individual particles where interesting chemical and electrochemical reactions can occur 
at the initial liquid|liquid interface.[111] In 2007, MacDonald and co-workers created 
microdroplets of a two-phase mixture that contained a redox active species, these resulting 
microdroplets were stabilised by using CNPs, and then immobilised on ITO electrode 
surfaces, see Figure 1.14. The modified electrodes showed good electrochemical 
responses and the CNPs were thought to act in two ways: to stabilise the liquid|liquid 
interface and to provide interfacial electron channels. This provided a novel way to probe 
ion-transfer reactions in organic oils at ITO electrodes, and for the development of ion-
transfer sensors.[111]  
 
1.6 Electrochemical Applications of Functionalised Carbon 
Nanomaterials 
Functionalised carbon nanoparticles can have a number of applications as 
electrochemical probes. Modifying electrodes with specifically functionalised CNPs can 
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result in highly sensitive redox sensors for a number of targets. One such application is 
for the detection of pollutants in the environment.[115, 116] Of recent interest is the 
analysis of personal care product and pharmaceutical ingredients to ensure the 
prevention of concentrations building to harmful levels.[117, 118] Vidal and 
collaborators used Emperor 2000 CNPs to create modified electrodes for the detection 
of two common ingredients in personal care products[104]; triclosan – a common 
ingredient in consumer disinfectants,[119] deodorants and medical creams, and 
benzophenone-3 – a UV filter present in many sunscreens and cosmetics, Figure 
1.15.[120] Both compounds are found in common household products and can have a 
detrimental effect on the environment; this can occur through transfer in the wastewater 
system. Both triclosan and benzophenone-3 pose as low toxicity compounds; however, 
under certain conditions photodegradation can occur to produce derivatives, which 
impact the environment.[121, 122]  
 
 
Figure 1.15 - Chemical structure of (a) benzophenone-3 and (b) triclosan 
 
In the experiments by Vidal and co-workers, the CNPs acted for two purposes, the first 
was to extract the desired analyte from the sample and the second was to allow for 
voltammetric investigation. The analytes readily adsorbed to the anionic surface of the 
CNPs and the modified CNPs were easily dispersed in water allowing for simple 
deposition of a large surface area sample onto a working electrode providing a probe 
effective in binding polyaromatic phenols. This methodology enabled both target 
molecules to be analysed with a LOD in the micro-molar concentration region.[104]  
Emperor 2000 CNPs have been the focus of a number of bioelectrocatalytic studies. 
Both Jensen[72] and Szot[68] have used Emperor 2000 carbon nanoparticles to create 
modified electrode surfaces to probe the direct electron transfer communication between 
the electrode and Cerrena laccase enzymes for the bioelectrocatalytic reduction of O2 to 
water. Direct electron transfer can be advantageous with respect to mediated enzymatic 
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electrodes as the complexity is reduced, also toxicity and stability issues can be 
avoided.[123, 124] However, many direct mechanism have problems associated with 
low amounts of the enzyme being accessible because of poor orientation, which is 
required for direct electron transfer to occur.[72] One approach to overcome these 
drawbacks is to introduce a high surface area electrode material such as carbon 
nanoparticles; this not only provides an increased surface concentration of the active 
enzyme but can also stabilise the enzymes.[125] 
 
 
Figure 1.16 - Current-voltage (red) and current-power (blue) dependence for Zn/O2 biofuel cell based on (a) Cerrena 
maxima-CNP (b) Cerrena unicolor-CNP biocathodes. Reproduced from references.[68, 72]. 
 
Szot and co-workers prepared films containing Emperor 2000 CNPs and laccase from 
Cerrena unicolor in a sol-gel matrix on ITO electrodes. To achieve successful enzyme 
orientation for electron transfer to occur between the CNPs and the enzyme active site, 
the laccase was mixed with a solution of CNPs in water to allow the enzymes to adsorb 
onto the carbonaceous surface.[68] In contrast, Jensen and team produced a 
biocomposite through entrapment of CNPs within a Cerrena maxima laccase-polymer 
matrix.[72] The sulfonate modification of the carbon nanoparticles results in preferable 
orientation of the enzyme compared with the immobilisation of the enzyme on 
hydrophobic unmodified carbon black. This could be attributed to a more favourable 
electron transfer being possible between the Emperor 2000 nanoparticles with a 
hydrophilic nature and the hydrophilic enzyme surface.[72] Both Szot and Jensen 
successfully tested the electrode as a biocathode in a zinc-dioxygen biofuel cell, which 
provided large voltages from the combination of the low potential Zn/Zn
2+
 anode and 
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the high potential bioelectrocatalytic dioxygen reduction at the cathode.[126, 127] Szot 
reported a maximum power density of 17.6 µW cm
-2
 at 0.7 V for Cerrena unicolor-
CNP bioelectrodes,[68] whereas Jensen achieved a maximum power density of 160 µW 
cm
-2
 at 0.5 V for Cerrena maxima-CNP bioelectrodes, see Figure 1.16.[72] This 
research demonstrated promise for the development of simple and cost-effective CNP-
based biocathodes for biofuel cells.  
 
1.7 Fluorescence of Carbon Nanoparticles 
Fluorescent carbon nanoparticles are often referred to as carbon nanodots, or C-dots. 
One of the characteristic properties of carbon nanodots is that they have intrinsic 
luminescent properties[128] and a diameter generally not exceeding 10 nm.[60, 129] 
These fluorescent C-dots were first identified as a class of nanomaterial in 2004[130] 
and since then a number of methods for the production of such materials have been 
reported. These include electrochemical,[131] laser ablation,[132] combustion,[71] 
microwave,[133] and most commonly hydrothermal techniques,[60, 129, 134] as 
described in section 1.2.2. Because of the range of simple, rapid, and cost-effective 
methods to produce C-dots, they provide an excellent alternative to other carbon 
nanomaterials. In addition to this, C-dots make promising alternatives to quantum dots 
(QDs) because of the luminescent properties that they possess and their relatively 
benign impact on the environment.[128, 135] QDs are fluorescent semi-conductor 
nanomaterials commonly utilised in bioimaging; however, they are metal-based 
materials, rendering them inherently toxic and of environmental concern.[136, 137]  
In addition to using specific chemical compounds for the formation of fluorescent 
carbon nanoparticles, some groups have looked at taking waste products, such as fruit 
peel, to subject to hydrothermal methods in order to produce useful carbon 
nanomaterials in an economical and green way.[60] In a study by Lu et al., pomelo peel 
was used to synthesise water-soluble carbon nanoparticles by a simple hydrothermal 
method.[60] One of the major drawbacks of these carbon nanodots compared to 
quantum dots is that the quantum yield tends to be much lower, unless surface 
passivation is performed involving the covalent attachment of organic moieties.[71, 
132, 138] However, the carbon nanodots resulting from pomelo peel produced a 
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quantum yield of approximately 6.9 %, which shows a great improvement on most c-
dots that have a quantum yield of less than 1 %.[60, 139, 140] Lu and co-workers went 
on to show that the C-dots they produced could act as fluorescent probes for label-free 
detection of Hg
2+
. The fluorescence of the C-dots was quenched by Hg
2+
 as it was able 
to facilitate electron transfer and promote electron/hole recombination.[60, 141, 142] 
The pomelo peel-based C-dots showed improved sensitivity compared to previous 
carbon nanomaterial-based Hg
2+
 detection,[142] achieving a limit of detection of      
0.23 nM.[60] Ray and team also developed carbon nanoparticle synthetic routes to 
achieve increased quantum yield; however, this time a soot-based method was used.[71] 
The carbon soot was refluxed with nitric acid until a water-soluble supernatant was 
obtained. This technique has previously been used by other groups but the obtained 
water-soluble nanoparticles had extremely low quantum yields, less than 0.1 %.[143] 
Ray and co-workers demonstrated that if only the smallest nanoparticles, ~12.5 nm 
diameter, were separated by centrifugation, a marked improvement in the quantum yield 
could be achieved, that is, an increase from less than 0.1 % to approximately 3 %.[71] 
These unmodified carbon nanoparticles were incubated with cells and displayed certain 
interactions with cells, while retaining their fluorescence; however, surface modification 
was required for the nanoparticles to enter cells and some cell death was observed.[71] 
 
 
Figure 1.17 - Schematic growth model for fluorescent carbon nanoparticles. Reproduced from reference.[73] 
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In 2011, Li and co-workers demonstrated a very simple technique to form fluorescent 
carbon nanodots through the electrochemical treatment of ethanol.[73] A current was 
passed between two electrodes and ethanol within a double-layer that was thought to 
decompose into carbonaceous substances, which can polymerise and grow, before 
undergoing surface oxidation to form fluorescent C-dots, Figure 1.17.[73]  These 
carbon nanodots exhibited a quantum yield of approximately 4 %, showing potential to 
be used as fluorescent probes for sensing applications.[73] 
Carbon black nanoparticles have also been used for fluorescent sensing applications. 
For example, Panchompoo and collaborators modified the surface of Monarch 430 
carbon black with fluorescein by using a simple physisorption process.[144] These 
fluorescein-modified nanoparticles were effectively used as a fluorescent probe for the 
detection of Pd(II) in water.[144] Palladium is very important in synthetic organic 
chemistry as it is used to catalyse a variety of reactions, perhaps most importantly is the 
use of Pd(II) in coupling chemistry, for which Heck, Negishi, and Suzuki became Nobel 
laureates in 2010.[145-149] Residual palladium from synthetic applications is often 
found to leach into waste water systems resulting in palladium being found in the 
environment; this can be detrimental to the health of both humans and animals.[150-
152] The probes developed by Panchompoo and co-workers were effective as the 
fluorescence intensity of the modified carbon nanoparticles was quenched with 
increasing Pd(II) concentration, with a LOD of 1.07 µM, much below the recommended 
oral concentration of less than 5 ppm (approximately 47 µM).[144, 149] 
 
1.8 Summary and Outlook  
Nanoscience and nanotechnology has been a huge area of growth over the last decade. 
Carbon nanoparticles are extremely important materials and have been shown to equal 
and exceed the quality of carbon nanotubes. Many of the notorious carbon 
nanomaterials, including graphene and carbon nanotubes, are very expensive, difficult 
to work with, and pose serious health risks. Carbon nanoparticles are a much cheaper 
alternative. They can be produced in a number of different ways, most commonly by 
using hydrothermal or combustion techniques. It is then possible to functionalise the 
CNPs in a variety of ways with many routes being comparable to methods used on 
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carbon nanotubes. CNPs have produced a number of effective electrochemical and 
fluorescent probes for the sensitive detection of many different species.  
This thesis will focus on the synthesis and functionalisation of different carbon 
nanoparticles as well as the characterisation and application of the modified CNPs for 
specific sensing applications. The methodologies used herein will include the covalent 
attachment and physisorption of compounds onto Emperor 2000 carbon black, 
hydrothermal treatment of a polymer to yield novel C-dot materials, and a combination 
of carbon black with hydrothermal methods to create a polymer-wrapped core-shell 
nanocomposite. Each of these new carbon-based nanomaterials is demonstrated to be 
useful in the development of electrochemical or fluorescent sensing applications. 
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2.1 Introduction to Electrochemistry 
Electrochemistry is a diverse field that can broadly be described as the study of 
chemical reactions associated with electricity. This includes the study of chemical 
changes that are either instigated by electricity or result in the production of electricity. 
Electrochemistry encompasses many aspects of science and is the study of charge 
transfer (i.e., electron transfer) that occurs between electrodes and reactant molecules, 
both at an interface and the space in between. Generally, charge transfer can occur in 
two directions, that is, a redox species can either gain an electron from the electrode to 
form the reduced species [e.g., Equation (2.1)],, or it can donate an electron to the 
electrode surface to form the oxidised species [e.g., Equation (2.2)].[1] 
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By applying a potential to an electrochemical system, data regarding the mechanism as 
well as kinetic information can be obtained. There are also other parameters that could 
potentially control the rate of charge transfer including the nature of the working 
electrode surface and the reactivity of the reactant, that is, how easily it can be oxidised 
or reduced. The oxidative/reductive processes are displayed as the observed current, 
otherwise known as a Faradaic current, the magnitude of which is given by Equation 
(2.3) where i = current, n = the number of electrons, A = electrode area, F = Faraday 
constant, and j = flux (the amount of material undergoing electrochemical reaction per 
unit area within a unit time).[1] 
 
nAFji            (2.3) 
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There are a number of possible electrode setups that can be used within an 
electrochemical cell; however, the most common is a three-electrode arrangement, 
which will be focused on in this report with emphasis on using a potentiostatic 
sweeping-voltage analysis technique. In this three-electrode arrangement, the 
electrochemical cell contains a reference electrode, counter electrode, and a working 
electrode, see Figure 2.1a. A potentiostat is used as a feedback amplifier that controls 
the potential of the working electrode. 
In electrochemical experiments, the reaction of interest occurs at the surface of the 
working electrode and the interfacial potential between this surface and the solution is 
measured. A reference electrode is used to provide an arbitrary zero point because it is 
not possible to determine the absolute value of the interfacial potential. A good 
reference electrode is non-polarisable and the potential remains constant when a small 
current is passed. Therefore, the reference electrode holds a fixed interfacial potential 
difference under normal conditions and the measured potential difference is derived 
from the difference between this known reference value and the potential at the working 
electrode. The reference electrode is present to provide a stable and fixed potential, to 
make certain that this is the case, a counter electrode is added to the cell. The use of 
such a system allows the potential difference at the electrode | electrolyte interface to be 
measured and controlled by a potentiostat.  
 
 
Figure 2.1. a) A typical three-electrode cell set-up, and b) a schematic representation of a saturated calomel electrode 
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The saturated calomel electrode (SCE) is a common reference electrode, and was used 
for all experiments detailed in this thesis. The potential of the SCE, the same as all 
electrodes, is determined by the Nernst equation (see Chapter 2.5.1 for more details). 
The Nernstian expression for the SCE electrode is shown in Equation (2.4), where E is 
the applied potential, E
0
 is the standard redox potential, Ksp is the activity constant of 
the solubility product, and acl- is the activity of the chloride ions. From Equation (2.4), it 
can be seen that the potential is dependent on the activity (or concentration) of the 
chloride ions. Within the SCE electrode, the aqueous KCl solution is saturated and so 
the concentration is high and the activity is determined by the solubility of the KCl. The 
potential of the electrode remains relatively constant, with an electrode potential of   
0.24 V versus the standard hydrogen electrode at 25 
o
C; therefore, the SCE is a suitable 
reference electrode. 
 
          ⁄
  
  
  
            
         (2.4) 
 
The counter electrode is made of an inert material, such as platinum, and should have a 
large surface area to ensure facile electron transfer, that is, so that it is not a rate limiting 
factor. An electrochemical experiment is generally focused on the reaction taking place 
at the working electrode. A current flows between the working electrode and the counter 
electrode to ensure that any potential drop at the reference/surface interface is constant 
and not affected by large applied potentials. [1] 
There is a diverse range of electrochemical applications including sensing,[2, 3] 
synthetic production of inorganic chemicals,[4] and energy conversion in the form of 
solar cells[5, 6] or fuel cells.[7, 8] Electrochemical sensing is an extremely active 
research area with a number of different focuses, for example the detection of low-level 
analytes such as glucose in complex bodily fluids,[9] or the detection of 
pharmaceuticals in waste effluent and the analysis of obscure analytes and heavy 
metals.[5] This thesis focuses on using new materials for effective sensing applications. 
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2.2 Solution-Phase Electrochemistry 
In general, an electrochemical process occurs across the interface of two phases: the 
electrolyte and the electrode. The electrolyte is defined as the phase through which the 
movement of ions occurs and this therefore, acts as the charge carrier. The electrolyte 
can be fused salts or ionic liquids, but most commonly liquid solutions are used and this 
is commonly referred to as solution-phase electrochemistry.  
Within any electrochemical experiment, the working electrode is the site at which 
electronic movement, otherwise known as charge transfer, takes place during a redox 
process. In a solution phase experiment, the reactant species must move from the bulk 
electrolyte solution to the electrode surface and consequently the redox product must 
then move from the interface and return to the bulk. (Figure 2.2) 
There are five processes which are considered to be important during an electrochemical 
reaction, as indicated in Figure 2.2, any of which can behave as the rate determining 
step. The mass transfer to transport the reactive material, that is, processes (ii) and (iv), 
can be one of three mechanisms; diffusion, convection, or migration (vide infra). 
 
 
Figure 2.2. The processes that occur in a reductive electrochemical experiment at the electrolyte | electrode interface; 
(i) movement of the active species to the electrode surface, (ii) adsorption onto the surface of the electrode, (iii) 
electron transfer, (iv) desorption, and (v) movement of the reduced species back to the bulk solution. 
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2.3 Mass-Transfer 
Mass transfer is defined as the movement of material from one location in the 
electrolyte solution to another. It can occur for one of two reasons; (i) a difference 
between the electrical or chemical potential at either of the two locations, or (ii) from 
movement of an element across a concentration gradient in solution. The three 
mechanisms of mass-transfer are diffusion, convection, and migration, and are 
discussed in the following sections.  
 
2.3.1 Diffusion 
Diffusion is the transfer of a species across a concentration gradient; in terms of 
electrochemistry this can be considered a gradient of chemical potential.[10] Diffusion 
occurs in order to maximise the entropy of the system and create more disorder. It is the 
simple movement of a species from an area of high concentration to an area of low 
concentration, following the concentration gradient. The rate of diffusion depends upon 
the specific concentration gradient at any given point.[11] Fick describes the laws of 
diffusion mathematically, Fick’s first law of diffusion, see Equation (2.5), represents the 
diffusional flux, that is, the number of moles diffusing per unit area per second. When 
this was combined with studying the concentration change within a certain area, Fick 
developed his second law, see Equation (2.6), where j is the flux, D is the diffusion 
coefficient, [O] is the concentration of the species, and x is the distance from the 
electrode surface.[12]  
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In an electrochemical experiment, the amount of oxidised or reduced material changes 
with the applied potential and the scan rate, this results in a concentration gradient by 
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which diffusion can occur. Fick’s second law is of more importance in electrochemistry 
than the first, as electrochemical experiments tend to focus on changes in concentration 
as a function of time.  
 
2.3.2 Convection 
Convection that is caused by a density gradient (natural convection) and forced 
convection are two types of mass transport that occur when forces act upon the 
solution.[10] Any solution can possess thermal gradients or differences in density 
within the solution, these forces result in natural convection and can also be induced 
within an electrochemical reaction; such forces are generally considered undesirable. 
Forced convection can be induced by applying forces to the system, which can be 
achieved in a number of ways, for example by stirring the electrolyte solution or having 
gas bubble through the liquid. If these forces are applied unintentionally, the results can 
be detrimental; however, by purposefully enforcing and controlling these convection 
techniques, natural convection implications can be overcome.[13] 
 
2.3.3 Migration 
The transportation of charged ions to and from the electrode surface according to an 
electrical potential gradient is known as migration. These migrational movements are 
initiated and controlled by the electrostatic forces applied to an electrochemical system, 
that is, those due to the potential drop at the electrode surface | electrolyte solution 
interface. In order to minimise the effect of this mass transport route in an 
electrochemical experiment, the electrolyte solution employed is generally of a 
concentration in the order of 0.1 M, i.e., of reasonably high concentration. 
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2.4 The Electrode Surface | Electrolyte Interface and the Electrical 
Double Layer 
In an electrochemical system there are forces and interactions that occur between the 
solid electrode surface and the electrolyte solution. These processes can be modelled in 
order to understand the mechanisms occurring at the solid | liquid interface. When an 
electrode is placed into electrolyte solution, an interfacial region is produced, which is 
known as the double layer. In an electrochemical system where an electrical circuit is 
utilized to measure current at an electrode this double layer can be considered a 
capacitor where the electronic surface charge is caused by an excess of ions near to the 
electrode surface. In order for the working electrode to obtain the correct potential, the 
double layer capacitor must be charged. This means that a capacitive charge flows 
within the electrical circuit, which is independent of the oxidation or reduction of any 
species in the system (Faradaic species). This capacitive current provides information 
regarding the electrical double layer and the active area of the electrode surface.[14]   
In 1853 Helmholtz was the first to identify interactions occurring at the interface of a 
solid electrode and a liquid electrolyte, suggesting the presence of a double layer.[15] 
Helmholtz later, in 1879 proposed a simple model to explain the concept of an electrical 
double layer at the surface of a metal in contact with an electrolyte.[16] The double 
layer was postulated to arise from the presence of excess charge density (positive or 
negative) at the electrode surface, which would be neutralized by equal and opposite 
charge density found in the electrolyte solution. The ions within the solution approach 
the electrode until they reach the minimum distance possible from the surface of the 
electrode; this is known as the outer Helmholtz plane (OHP). Therefore, the Helmholtz 
model states that the excess charge density at the electrode surface is balanced 
completely by a compact layer of counter-ions that form the OHP. This double layer 
theory resembles that of a capacitor as the two charged layers are separated by a certain 
distance, therefore the potential drop in the electrical double layer would be linear, see 
Figure 2.3(a).[15]  
In the early 20
th
 century, Gouy and Chapman found that the counter balancing charge 
density was not exclusively located in the OHP due to thermal motion dispersing excess 
ions into the solution. The thermal motion, otherwise known as Brownian motion – the 
random motion of particles suspended within a fluid, showed that the counter ions were 
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not simply immobilised at the electrode surface, but spread throughout the solution as a 
diffuse layer. This meant that in the theorised diffuse double layer, the potential drop is 
highest closer to the electrode surface; however, the potential drop would fall as it 
moved further into the diffuse layer, that is, away from the electrode due to the 
Boltzmann distribution Figure 2.3(b).[17, 18]  
 
 
Figure 2.3. Schematic representations of (a) Helmholtz, (b) Gouy-Chapman and (c) Stern models 
 
The two aforementioned theories were combined in 1924 when Stern accepted the 
electrical double layer theory; however, he theorised that this could not fully neutralise 
the surface of the electrode. Stern also recognised the importance of Brownian motion 
to form a diffuse double layer and stated that it was this that counter-balanced the 
remaining charge density Figure 2.3(c).[19] More recent studies accept the Stern model; 
however, they have highlighted that polar solvents such as water, which have a dipole 
moment, interact with the electrode surface and the level of the interaction is dependent 
upon the dielectric constant of the solvent, Figure 2.4.[20] Also represented in Figure 
2.4 are the inner and outer  
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Figure 2.4. Schematic of an electrical double layer illustrating how water molecules align due to the δ- charge on the 
oxygen atoms and hydrated ions in the diffuse double layer that compensate for any remaining charge 
 
2.5 Electrochemical Thermodynamics  
Throughout chemistry, thermodynamics is used to describe the changes in energy and 
entropy during a reaction, typically at equilibrium. This is no different in 
electrochemistry, and since electrochemical reactions involve passing a current to alter 
the Gibbs free energy, the reaction can usually be brought to, or very near to, the 
reaction equilibrium. 
An electrochemical reaction involves the transfer of electrons between the electrode and 
electrolyte. When the reaction reaches equilibrium there will be a net electrical charge 
both on the electrode and in the electrolyte phase. If the equilibrium lies towards the 
oxidative products then the electrode will have a net negative charge and the electrolyte 
an equal and opposite charge (in the case of a reductive product there will be a net 
positive charge at the electrode). In this situation an electrode potential is established, 
that is, there is a difference in electrical potential between the electrode surface and the 
electrolyte.   
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The development of an electrode potential at the electrode | electrolyte interface can also 
be discussed in terms of energy levels. The electrode has a number of electronic 
conduction bands in which electrons are able to “hop” in order to bind the free cations. 
The energy levels produced through bond formations form a continuous band of energy 
levels which fill with electrons up to the Fermi level, that is, the energy level at which 
the probability of an electron occupying it is a half.  The ions dispersed within the 
electrolyte have discrete energy levels which correspond to unfilled molecular orbitals 
of the oxidised species.  For the reaction stated in Equation (2.7), Fe(CN)6
4-
 is formed 
upon the transfer of an electron from the electrode into unfilled molecular orbital of 
Fe(CN)6
3-
.  
 
  (  ) 
  (  )        (  ) 
  (  )      (2.7) 
 
By applying a more negative potential difference to a system, the number of electrons is 
increased, which subsequently raises the Fermi level of the electrode. This creates a 
driving force for an electron to transfer from the electrode into an empty orbital of the 
redox species. Whereas, if a more positive potential difference is applied to a system, 
electrons are effectively removed from the electrode, thus reducing the Fermi level to an 
energy level below that of the electron in the redox species. Therefore, an electron can 
spontaneously transfer to the electrode from the redox molecule. Electrochemical 
methods usually involve the “sweeping” of the potential and therefore can sweep the 
potential from a process being not-spontaneous to spontaneous. The potential at which 
the process becomes spontaneous is the standard redox potential and sweeping the 
potential past this point will result in an electrochemical signal.  
 
                       (2.8) 
                 (2.9) 
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Any reaction is spontaneous when the change in Gibbs free energy is zero. According to 
Equations (2.8) and (2.9), where ΔG is the change in Gibbs free energy, ΔGo is the 
standard Gibbs free energy, R is the universal gas constant (8.314 J K
-1
 mol
-1
), Krxn is 
the equilibrium constant, i.e., [products]/[reactants], n = the number of electrons 
transferred, F = the Faraday constant, and E = the applied potential, any reaction can 
theoretically become spontaneous using electrochemistry if a high enough potential is 
applied, i.e., ΔG < 0. 
 
2.5.1 The Nernst Equation 
The Nernst equation relates the applied potential difference to the concentration of 
oxidised and reduced species in solution. This can be achieved by substituting Equation 
(2.9) into Equation (2.8) and rearranging to give Equation (2.10), where E
o
 is the 
standard redox potential, [O] and [R] are the concentration of oxidised and reduced 
species, respectively. 
 
     
  
  
  
   
   
         (2.10) 
 
The Nernst equation can be used to relate electrochemical properties with 
thermodynamic information. It can also be seen that small changes in potential can lead 
to large changes in the concentration of oxidation or reduction products. 
The potential difference is not a measurable quantity as the quantification of the 
chemical potential difference across a single interface is not possible. The working, 
reference, and counter electrodes all contribute to the interfacial potential difference. By 
using Ohms Law the electrode potential, E, can be described in terms of potential 
differences to further explain the Nernst equation [Equation (2.11)]. To do this, a 
steady-state potential difference is introduced in the form of a reference electrode.  
 
  (         )              (2.11) 
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In Equation (2.11) the potential is calculated from the potential difference of the 
working electrode (ΔϕWE = ϕmetal(WE) – ϕelectrolyte) measured in during an electrochemical 
experiment as well as the potential difference at the reference electrode (ΔϕRE) and the 
applied current (i), which are both constants. Rsol is the resistance of the solution. 
Collectively iRsol are known as the potential drop, which should be as small as possible. 
Combination of the Nernst equation and Ohms law demonstrate that the concentrations 
of oxidised or reduced species in a system can be changed by controlling the interfacial 
potential difference at the working electrode. 
 
2.6 Electron Transfer Kinetics 
Transfer kinetics is important in electrochemistry as an electrode process is limited by 
how many electrons can transfer at the electrode surface and how fast. In a kinetically 
controlled system the electrochemical response is dominated by the rate determining 
step. This can be any of the five processes introduced in Section 2.2; mass transfer to 
the electrode surface, adsorption to the surface, electron transfer, desorption from the 
surface back into solution, and finally mass transfer back into the bulk. Two common 
situations are: (i) a mass transport limited system where the current is limited by slow 
transport of the molecules or (ii) an electron-transfer limited system, where the transport 
of molecules is fast but the reaction process is slow. The rate of transfer of a charged 
species across the electrochemical interface is related to the potential difference 
between the electrode and the electrolyte.  
The rate of an electrochemical reaction can be determined by considering the activation 
barrier that charge transfer must overcome. The current density is often useful for 
describing this, that is, the electrical current per unit area of the electrode surface, which 
can be related to the reaction rate by using Equation (2.12): 
 
               (2.12) 
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where i is the current density, n is the number of electrons transferred, F is Faraday’s 
constant, and v is the reaction rate at the surface of the electrode. In an electrochemical 
system i can be measured and controlled, and is the difference between the forward and 
reverse current densities on the electrode, that is, the net current density when the 
system is not at equilibrium. This can be expressed as the difference between anodic 
partial current density and the cathodic partial current density, Equation (2.13): 
 
                    (2.13) 
  
Considering a reversible redox reaction; 
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the rate of reduction and oxidation are described by Equations (2.15) and (2.16), 
respectively. 
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where k  is the rate constant and C is the concentration at the electrode surface. At 
equilibrium ired = iox = io.  
The activation energy and the rate constant are related by the Arrehnius Equation (2.17):  
 
 (        )      
    (        )
         (2.17) 
 
in which EA  is the activation energy and A is a constant. 
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Figure 2.5.The effect of potential on the activation energy for an electrochemical reduction reaction.  
 
By increasing the potential at the electrode (ϕe), the energy level of the reactant is 
increased (by 1 unit). This is because the electron comes from the electrode at which the 
potential was increased. The energy of the transition state is therefore also increased 
[but not to the same extent as the electrode, i.e., (1 – α) unit], and the product energy 
remains unchanged. This results in the reductive EA being reduced and the oxidative EA 
being increased, see Figure 2.5. From this it can clearly be seen that the rate constant is 
dependent upon the potential, and when related back to the current density,  see 
Equation (2.13), it can be seen that the equilibrium current densities, i0, are equal and 
can be denoted as Equations (2.18) and (2.19) for the oxidative and reductive process, 
respectively.  
 
          
(   )  (    )
          (2.18) 
         
    (    )
           (2.19) 
 
In order to overcome the barrier to activation so as to exceed the EA, an overpotential 
must be applied (η = E – Eo). By combining this and substituting Equations (2.18) and 
(2.19) into the aforementioned Equation (2.13), it allows an expression to be obtained 
that describes the steady-state voltammetry when the electron transfer process is the 
rate-limiting step, Equation (2.20). This is commonly known as the Butler-Volmer 
equation. 
50 
 
    (   
(   )   
      
     
  )       (2.20) 
      
   
( )
  
(   )
         (2.21) 
 
The Butler-Volmer equation provides a relationship between the current density, i, and 
the charge-transfer overpotential, η, in terms of the exchange current density, i0, and the 
transfer coefficient, α. From this equation, it can be determined that for large deviations 
from the equilibrium potential, that is, large η values, the partial currents approach the 
net current. Therefore, for large positive η values, iox tends towards i, and ired tends 
towards I for large negative η values. 
 
2.7 Cyclic Voltammetry 
Cyclic Voltammetry is one of the most important electrochemical techniques. Cylic 
voltammetry experiments are performed in a stationary solution, and therefore rely 
implicitly upon the diffusion of material to the electrode surface. The experiment 
applies a potential, E1, to the working electrode, this is a potential at which redox 
processes do not occur. The potential is then increased to a point at which electron 
transfer occurs rapidly, E2 and finally reversed back to E1. This can be displayed 
graphically as a function of time (Figure 2.6). The applied potential is a function of the 
speed at which the potential is ramped (scan rate) and time. 
 
        
Figure 2.6. A graph to show potential as a function of time during a cyclic voltammetry experiment 
E1 
E2 
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Potential (E) 
Scan 
rate 
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A cyclic voltammogram (CV) displays a lot of information by its shape alone. As the 
potential is ramped it reaches a point at which oxidation occurs at the electrode surface, 
initiating an increase in current (a peak emerges). As the potential is further increased, 
the current increases exponentially until it reaches a maxima, known as the peak 
current, ip. This first part of the peak is dependent upon the electrochemical rate 
constant for the oxidative process. Once the peak maximum is achieved, there is no 
longer an excess of material at the surface and the peak current is dependent upon 
diffusion of material from the bulk to the electrode surface. The reverse is true for the 
reduction of the material and therefore shows a similar shape for reversible redox 
processes. 
 
 
Figure 2.7. Cyclic voltammogram for an electrochemically reversible system where (a) is the section of the peak that 
is representative of Butler-Volmer kinetics and (b) describes diffusion-control  
 
A reversible electrochemical system occurs when diffusion is slow relative to the 
electron transfer process; therefore, it displays Nernstian behaviour, that is, the process 
obeys the Nernst Equation (2.10). This results in a specific peak separation (Ep
ox
-EP
red
), 
and for a one-electron transfer a peak separation of ~57 mV is observed (Figure 2.7).[1]  
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The Nernst Equation is also based on Equation (2.22), which originates from the 
historical analysis of CV traces, where Ep
ox
-EP
red
 is the peak separation, R is the gas 
constant (8.314 J K
-1
 mol
-1
), T is the temperature, n is the number of electrons 
transferred, and F is the Faraday constant (96485 C mol
-1
). 
 
2.8 Solid Phase Electrochemistry 
In sensor development, the key recognition site needs to be located as close to the 
transducer as possible. For an electrochemical sensor, this is achieved by 
immobilisation of the redox species on the electrode itself. These electrodes are 
commonly referred to as chemically modified electrodes. The chemical behaviour of the 
electrode surface can be altered by modification using chemical reagents, and these 
modified electrodes can be prepared in many ways. The major difference for 
immobilised systems is that the redox species is not usually replenished from the bulk 
solution and therefore no diffusion control is observed. 
 
 
Figure 2.8. Schematic of layer-by-layer deposition 
 
The electrode substrate employed is usually a metallic, carbon, or semiconductor 
electrode, which is often used directly as the electrode in the unmodified form. 
Monolayer formation at the electrode surface is one option for the modification of an 
electrode. This can be achieved by adsorption – when a substance spontaneously 
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adsorbs onto the interface from the bulk solution. A recent example of this is the 
chemisorption of sodium diethyldithiocarbamate (DDTC) to a copper electrode for use 
in corrosion inhibition.[21] Monolayers can also be obtained by covalent attachment – 
linking from groups already present at the surface to desirable components such as 
recognition moieties. In 2010, Leroux and co-workers developed an efficient synthesis 
for covalently attaching an ethynyl aryl monolayer to a carbon electrode surface which 
then coupled with ferrocenyl reagents to show redox activity, this highlighted a 
successful surface modification, for example see Figure 2.9(a).[22] 
A common technique for electrode modification is to form a conducting film over the 
electrode surface. This can be achieved in a number of ways.  One simple way is to use 
a layer-by-layer dip-coating method, for example by taking a tin-doped indium oxide 
(ITO), coated glass slide with negatively charged surface particles and dipping it into a 
solution containing a positively charged species. The layers can be built up by repeated 
dipping with a complimentary solution, for example a positively charged polymer such 
as poly-(diallyldimethylammonium chloride), PDDAC with negatively charged 
Emperor 2000 carbon nanoparticles (Figure 2.8).[23] After the dip coating is complete 
the organic residues can be eliminated by heating in a furnace at high temperature.[23-
27] This technique also results in an electrode such as that illustrated in Figure 2.9(a).         
 
 
Figure 2.9. Examples of a continuous film (a) and a porous modified electrode with particulate formation on the 
surface (b) 
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Nanoparticle functionalisation followed by deposition onto an electrode is another 
widely researched area of modified electrode development. Following synthetic 
techniques to functionalise the surface of the nanoparticles, a solvent can be added so 
that a solution or suspension of the nanoparticles can be formed. A droplet of this can 
then be deposited onto the electrode surface and all solution can be evaporated to leave 
a film of solid nanoparticles on the surface of the electrode, see Figure 2.9(b).[28, 29] 
              
2.8.1 Immobilised Redox Systems 
Redox systems adsorbed onto the surface of the electrode are no longer diffusion 
controlled processes. The redox moiety itself is now held at the surface of the electrode 
and as there is no diffusion process; therefore, the shape of a typical cyclic 
voltammogram changes, Figure 2.10.  
 
 
Figure 2.10. Theoretical cyclic voltammogram for a reversible system immobilised on an electrode surface 
 
As mentioned previously, successful electrochemical sensor systems are based on the 
immobilisation of the redox system onto the electrode itself. This enables the sensor to 
function with minimum human intervention. This is because no further reagents need to 
be added to the system for detection to occur. This methodology has received a great 
level of interest and recent literature publications demonstrate its versatility.[24, 30-32] 
Current 
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Dong and collaborators developed an electrochemical sensor for small molecules such 
as adenosine by creating a sensing interface immobilised on a gold electrode surface. To 
achieve this, the gold electrode was immersed into a gold nanoparticle solution to form 
a film of gold nanoparticles. This was later reacted with a ferrocene labelled probe 
solution to obtain the active sensor. A key feature of this development was that the 
sensor could be regenerated after detection was complete by thermally removing the 
labelled probe layer followed by the reaction of a fresh portion of probe solution to the 
gold nanoparticle surface. [33] 
In 2011, Li and co-workers successfully fabricated a sensor for the detection of a cancer 
biomarker.  To achieve this they immobilised an antibody onto graphene sheets via an 
amidation reaction. The functionalised graphene sheets were then deposited and 
evaporated onto the surface of a glassy carbon electrode which can then accept further 
materials. The immobilisation of further specifically functionalised materials enables 
development of specific sensing devices. This base electrode has potential to allow 
many interesting materials to be further immobilised onto the surface thus a 
multipurpose sensor can be achieved from this basic methodology.[34]  
 
2.9 Summary 
This chapter demonstrates the theory behind the electrochemical methods used in this 
thesis. Herein, carbon nanomaterials are developed for the development of sensors, and 
the electrochemical methods discussed in this introductory chapter are used to monitor 
this development. Electrochemical sensing materials are established, and most of the 
methods utilised in this thesis involve surface-immobilised cyclic voltammetry 
experiments.  
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3.1 Luminescence 
Luminescence is the general term for the emission of light from a substrate when an 
electronic transition occurs from an electronically excited state to the ground electronic 
state. Luminescence can be divided into two categories dependent upon the nature of the 
excited state. When an incident photon is of sufficient energy to promote an electron 
from a molecular ground state (S0) into a level of higher energy, it can then decay back 
to S0 by a number of pathways resulting in either fluorescence or phosphorescence.  
Fluorescence occurs when an electron in a singlet excited state (S1) decays to the ground 
state (S0) by emission of photons. This process results in the rapid emission of a photon 
as it is a spin allowed process i.e., the electron in the excited state is of opposite spin to 
that in the ground state. The emission rates are also rapid; this results in short lifetimes 
of the singlet states, typically around 10 ns.[1] This means that light can be used to 
transfer information in real-time regarding events that are taking place on the molecular 
level;[2-4] Ambrose and co-workers demonstrated in 1999 that single fluorescent 
molecules could be observed under controlled conditions.[5] The emitted light travels 
through space, meaning that it can be used as an extremely useful remote optical tool for 
analysing dynamic systems such as living organisms.[2]  
Phosphorescence is the luminescence resulting from the decay of an electron from a 
triplet excited state (T1) to the ground state (S0). Instead of fast decay back to the S0 
state (i.e., fluorescence), an electron can undergo a non-radiative decay process to enter 
the T1 state, which is of lower energy than S1 but higher than S0. This is a forbidden 
emission as the electron in the T1 excited orbital is in the same spin state as the electron 
in the ground state. As this is a forbidden transition, the lifetime of triplet states are 
longer and some last as long as several seconds. Therefore, phosphorescence tends to be 
less favoured with regards to optical sensing compared with fluorescence techniques.  
A Jablonski diagram is used to illustrate the processes that occur for the absorption and 
emission of light, Figure 3.1. Jablonski diagrams detail molecular processes that can 
occur to the excited states as well as highlighting the routes of decay, which do not 
result in the emission of light, these processes are in competition with fluorescence.[6] 
The singlet ground, first and second states (S0, S1 and S2 respectively) are the electronic 
energy levels at which fluorophores can exist in a number of vibrational levels. Initially 
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light is absorbed and the fluorophore is usually excited to a higher vibrational energy 
level within an excited orbital i.e., S1 or S2. The excitation is a vertical transition as the 
timescale (~10
-15 
s) is too short for the position of the nuclei to change, this is known as 
the Franck-Condon principle.[7-9] Molecules then relax from the excited Franck-
Condon vibrational state to the lowest vibrational level of the excited orbital via internal 
conversion and vibrational energy losses through collisions with solvent molecules. 
This is an iso-energetic equilibration process that generally occurs within 10
-12 
s and any 
remaining energy is given off as light. The photon expelled from the equilibrated 
excited state (or locally excited state) will be at a specific emission wavelength that is 
related to both the initial and final electronic and vibrational energy levels that the 
electron has occupied. This is dictated by Kasha’s rule[10] and the result of this is that 
generally an emission spectrum will look the same regardless of the excitation 
wavelength absorbed.  
 
 
Figure 3.1 A typical Jablonski diagram showing the possible excitation and emission processes that can take place.      
 
For completeness it is important to mention that molecules in the first excited singlet 
state can also undergo a process called intersystem crossing. The molecules can spin 
convert and move from S1 to T1 (first excited triplet state), from here they can relax to 
emit a photon via phosphorescence. The process of intersystem crossing is made easier 
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when heavy atoms are present and so phosphorescence is more common for molecules 
containing atoms such as bromine or iodine.   
3.2 Characteristics of Fluorescence Spectra 
One of the most common characteristics is for the emission spectrum to be a mirror 
image of the absorbance spectrum. This is due to the combination of the Franck-Condon 
principle and Kasha’s rule as often the same transitions are involved in the absorption 
and emission processes, Figure 3.2.[7-9, 11] For fluorescent molecules in solution, the 
fluorescence emission tends to be observed at a higher wavelength than the excitation, 
i.e., the emission is of a lower energy than that of the absorbed light. This was first seen 
in 1852 by Stokes and this phenomenon was labelled the “Stokes shift”.[12] The 
reduction in energy for the emission relates to the equilibration of the excited electron to 
the lowest vibrational energy level of the orbital.  
 
 
Figure 3.2 Theoretic absorption and fluorescence emission spectra to highlight the general symmetric nature when 
following both the Franck-Condon principle and Kasha's rule 
 
Fluorescence spectroscopy is very sensitive to the surrounding environment and 
because of this, the Stokes shift can be influenced by other factors including 
temperature and pH.[13, 14] The fluorophore can interact with the local environment 
via a number of mechanisms, for example the pKa of the fluorophore can lead to 
different species being produced dependent on the pH of the system and thus the lowest 
excited state energy can differ at different pH values. Also, some fluorophores are able 
to form an internal charge transfer (ICT) state[15] or a twisted internal charge transfer 
(TICT) state[16], upon excitation these molecules are able to form species with 
increased charge separation. Depending on the nature of the solvent present, it can be 
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this ICT state (in polar solvents) or the locally excited state (in non-polar solvents) that 
has the lowest excited state energy.[1] However, the solvent and its polarity has an even 
more influential role on the Stokes shift due to direct interactions between the 
fluorophore and surrounding solvent molecules.[17, 18]  
 
 
Figure 3.3 The reorganisation of solvent molecules around the excited fluorophore allows dipole-dipole interactions 
to reduce the energy of the excite S1 state. The solvent relaxation; therefore, results in a bathochromic shift of the 
emission band. 
 
After a fluorophore has been excited to a higher vibrational energy level of S1, the 
excess vibrational energy is lost through collisions with solvent molecules as the 
electrons relax to the lowest vibrational energy level (as discussed in section 3.1). These 
solvent molecules can also influence the energy level of the excited state (i.e., S1). The 
solvent molecules surrounding a fluorophore have a dipole moment that can interact 
with the dipole moment of the fluorophore itself. This dipole-dipole interaction results 
in an ordered array of solvent molecules surrounding the fluorophore. The energy 
difference between S0 and S1 results in a difference in the molecular dipole moment, 
often the excited fluorophore has a much greater dipole moment in the excited state, 
thus upon excitation, the surrounding solvent molecules must rearrange themselves in 
order to maintain a dipole-dipole interaction, Figure 3.3.[1] This process, known as 
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solvent relaxation, is more dramatic when the solvent is more polar as more re-
orientation is required, which results in further collisions occurring between the 
electrons and solvent molecules.[1, 18] Therefore, this results in further energy being 
lost and hence the energy of the excited state (S1) is lowered and effectively stabilized 
by increased solvent polarity. The energy gap between S1 and S0 is now lower, thus the 
wavelength is longer and the Stokes shift is increased. The increase in wavelength is 
known as a bathochromic shift and represents a smaller energy gap between the ground 
and excited states.[19, 20] It is important to note that for solvents at room temperature, 
the typical relaxation time is 10 to 100 ps, which is too great to have an impact on the 
excitation energy; however, it is much lower than the lifetime of the S1 excited state (~ 
10 ns).[1] Therefore, it is an increase in Stokes shift that is observed rather than a 
bathochromic shift of both the absorbance and emission spectra with the same Stokes 
shift.  
 
3.3 Fluorescent Sensing   
Sensors are very important analytical tools that produce a measurable signal in response 
to the presence of certain analytes or a change in the physical or chemical 
surroundings.[21, 22] The first component of any sensor is a target recognition site; the 
target can be any optical property, a small organic molecule, proteins, DNA or even 
cells.[23, 24] The second section of a sensor is signal transduction, this is important for 
converting the recognition event into a detectable signal; such as fluorescence or 
electrochemical signals, Figure 3.4.  These two components enable information to be 
received and transformed into a compatible form, so that it can be interpreted with our 
understanding and knowledge. 
Fluorescent sensors do not to cause significant disturbance to the system in which they 
are being observed because as they are able to report a significant amount of 
information from very low concentrations (typically µ-molar).[1] Fluorescence is; 
therefore, an invaluable sensing tool that can be used for the fundamental study of 
molecular interactions and the surrounding chemical environment. Initial fluorescent 
sensing focused on using structurally simple fluorophores; however, more recent 
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research has become more focused on the development of specific sensors for the 
recognition of particular moieties.[25, 26]  
 
 
Figure 3.4 A schematic representation of a generic sensor 
 
3.3.1 Measurable Characteristics from Fluorescence Spectroscopy 
There are a number of properties that a fluorophore possesses, which can be measured 
and are important in sensing. The most common and easy to measure parameter is the 
fluorescence intensity, which is obtained when the fluorophore is initially excited at a 
specific excitation wavelength, λex. Following excitation, the fluorophore displays an 
emission with a certain intensity distribution. The intensity is dependent upon molar 
extinction coefficient, ε, the excitation wavelength, λex, as well as the number of 
photons that are emitted compared to the number of photons absorbed, this ratio is 
known as the quantum yield, Фf.[27] The direct measurement of Фf is not often possible 
as it requires the absolute measurement of the photons emitted, which involves 
specialist equipment in order to maintain a complete photon balance.[28] As an 
alternative, relative Фf measurements are routinely obtained following a method 
introduced by Parker and Rees, whereby the fluorescence of the unknown is compared 
to a fluorescence standard that contains a fluorophore with a known Фf.[29] The Фf is 
then calculated by Equation 3.1, where Φ = quantum yield, D = integrated area of the 
fluorescence emission peak, A = absorbance at the excitation wavelength, I = flux at the 
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excitation wavelength and η = refractive index (R and S refer to the reference and the 
sample, respectively).  
 
      (
  
  
)  (
  
  
)  (
  
  
)  (
  
  
)
 
             (3.1) 
 
An additional parameter that can be measured using fluorescence techniques is the 
lifetime of fluorescence. The fluorescence lifetime, τ, is the average length of time that 
the fluorophore remains in the excited state and is characteristic for any given 
fluorophore in a specific environment.[27] This additional information is extremely 
useful for distinguishing the fluorescence of the fluorophore from other fluorescent 
components, such as the auto-fluorescence when looking at tissue and at substrates in 
the cell medium.[30] 
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The rate of decay of excited fluorophores can be described by Equation 3.2 where     
N(t) = the number of excited molecules at time, t, Г = the radiative decay rate constant 
that is characteristic for the fluorophore as it represents the rate of emission, k = the rate 
constant for the sum of all non-radiative decay mechanisms that relate to the interaction 
of the fluorophore with its local environment.[31, 32] Because emission is a random 
event and each individual excited fluorophore has the same probability of emitting a 
photon at any time, there is an exponential decay in the population of the excited state, 
which is given by Equation (3.3): 
 
        
  
 ⁄          (3.3) 
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After excitation, a population of fluorophore molecules enter the excited state and; 
therefore, Equation 3.4 is achieved, i.e., an exponential decay. From this it is possible to 
see that the fluorescence lifetime is the time that it takes for the excited molecules to 
decay to 36.8 % (1/e = 0.368) of the original fluorescence intensity (i.e., the time the 
excited state reaches 36.8 % of its original population). Therefore, the fluorescence 
lifetime can be described as the average length of time in which a fluorophore remains 
in its excited state.[31-33]  
 
    
  
  
  
 ⁄          (3.4) 
 
Fluorescence lifetime imaging microscopy (FLIM) was initially used to obtain 
information from specific locations within different mediums and this proved a 
breakthrough technique for visualizing and measuring certain substances within cells 
and tissue.[34-36] In following research, FLIM was successfully coupled to confocal 
laser scanning microscopes (CLSMs) in order to obtain three-dimensionally resolved 
fluorescence lifetime information from across entire cells as well as throughout cell 
media containing multiple cells.[37, 38]  It is the ability of a CLSM to scan the z-axis 
through solution, normal to the electrode that provides it with a much greater advantage 
over a standard fluorimeter.[39] This extra dimension of analysis allows for the 
profiling of multilayer structures without damaging the substrate and prevents blurring 
that results in standard fluorescence measurements due to the collection of light from 
above and below the focal plane.[40, 41]  
In 1990, a further breakthrough in fluorescence imaging was achieved with the 
introduction of two-photon laser scanning microscopes that enabled multi-photon 
excitation of fluorophores.[42] This provided multi-wavelength capabilities and 
produced fluorescence images with greater contrast, Figure 3.5 shows a lifetime image 
of a mouse intestine recorded using two-photon excitation and processed with the 
fluorescence intensity as the brightness and the colour representing the fluorescence 
lifetime.[30]  
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Figure 3.5 A two-photon lifetime image of a mouse intestine sample stained with Alexa Fluor 350, Alexa Fluor 568 
and Sytox Green, reproduced from [30] 
 
Multiphoton excitation is achieved by using longer excitation wavelengths for two or 
even three photon absorption to achieve the same energy level as one-photon 
absorption, Figure 3.6.[1, 43, 44] Because of the lower energy excitation, multiphoton 
microscopy is less damaging to samples than single photon experiments and makes it a 
favourable addition or alternative to study delicate materials such cells and other 
biological samples.[45]  
 
 
Figure 3.6 Jablonski diagram to show that one-, two- or three-photon excitation results in the same fluorescence 
emission and lifetime 
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In multiphoton excitation experiments, the photon absorption occurs simultaneously; 
therefore, high intensity illumination is required, this is achieved using titanium-
sapphire lasers.[1, 46] The selection rules for single, two and three-photon excitation are 
different, which results in the excited fluorophores entering different excited vibrational 
levels; however, the emission occurs from the same relaxed excited state irrespective of 
the absorption process. This results in fluorescence lifetimes and emission spectra that 
are the same independent of it being obtained via one-, two- or three-photon 
excitation.[1]  
 
3.4 Summary 
In this thesis carbon nanoparticles with intrinsic fluorescent properties are synthesized 
and investigated. Using the discussed fluorescent techniques, the fluorescent properties 
and potential applications of the novel carbon nanomaterial are explored. 
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4.1 Abstract 
Pyrene-modified boronic acids self-assemble onto graphitic and carbonaceous surfaces. By 
the same mechanism, pyrene moieties are shown to self-assemble around commercially 
available negatively charged phenylsulfonic acid-modified carbon nanoparticles of 
approximately 9-18 nm in diameter (Emperor 2000, Cabot Corporation, for further 
information see Chapter 1). Previous work has developed a synthetic route to append 
pyrene groups onto different boronic acid scaffolds. These boronic acid-based compounds 
are then physisorbed onto the surface of carbon nanoparticles through the pyrene 
functionality. The boronic acid-modified carbon nanoparticles that are produced are 
insoluble in water and can readily be deposited onto graphite electrodes for use in 
electroanalytical applications. The binding of the terminal boronic acid groups are 
demonstrated to bind to caffeic acid, which is a common catechol, otherwise referred to as 
an ortho-quinol. An electrochemical investigation was performed to understand the 
mechanism, which is based on ligand fluxionality. 
The non-covalently modified electrodes based on nanoparticle aggregates are sensitive to 
caffeic acid and exhibit Langmuirian binding constants approaching 10
6
 mol
-1
 dm
3
. The 
molecular structure of the pyrene-appended boronic acid affects the ability of the boronic 
acid moiety to bind to the caffeic acid. More importantly, the fluxional transformation of 
the strongly bound caffeic (with a high oxidation potential) into the weakly bound (with a 
lower oxidation potential) form is affected by the change in the length of the carbon linker 
that is present between the boronic acid and the pyrene moieties. The resulting design 
principles for improved scaffold structures for boronic acid receptors are discussed. 
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4.2 Introduction 
Carbon nanoparticles (CNPs) such as those derived from carbon blacks[1] provide a 
versatile platform for the development of electroanalytical tools[2] with high active surface 
areas and a high degree of functionalisation.[3] In contrast to the more structurally pure 
forms of nanocarbons, such as carbon nanotubes (CNTs)[4] or graphene,[5] carbon 
nanoparticles are used widely in industry, available at low cost, and have an approved 
safety record, as discussed in the Introduction section of this thesis.  
In recent studies, CNPs have been the focus of a large number of investigations[6] 
including the transformation of commercial CNP surface functionality from sulfonate to 
sulfonamide,[7] interactions between CNPs and redox enzymes,[8] the use of CNPs to 
modify liquid-liquid interfaces,[9] CNPs as a support for electrochemically active 
proteins,[10] as CNP building blocks for layer-by-layer electrostatically assembled 
films,[11] and CNPs as a gas sensor component.[12] This chapter demonstrates that 
negatively charged CNPs (Emperor 2000, Cabot Corp.) can be functionalised non-
covalently with previously reported pyrene-appended pyridinium boronic acids (see Figure 
4.1).[13] 
 
 
Figure 4.1. The molecular structures of 4-borono-1-(pyren-2-ylmethyl)pyridin-1-ium chloride (T1), 4-borono-1-(2-
(pyren-2-yl)ethyl)pyridin-1-ium chloride (T2), and 4-borono-1-(3-(pyren-2-yl)propyl)pyridin-1-ium chloride (T3).[13] 
 
Boronic acids have extensive chemistry and are commonly used synthetically for Suzuki 
cross-coupling reactions, which are of high importance especially in the pharmaceutical 
industry.[14-18] Boronic acids also have an extremely important role as versatile chemo-
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receptors for a number of substrates such as saccharides[19] including glucose[20] as well 
as -hydroxy-carboxylates[21] and ortho-quinols such as alizarin red S.[22] There are 
extensive literature reviews that detail the recent developments in this field that further 
highlight the importance of optimising boronic acids for specific functions.[23, 24] Within 
the Marken group, a number of electroanalytical studies have been performed that 
incorporate different boronic acids into droplet deposits,[25] nano-cellulose, and dendrimer 
assemblies.[26] These studies demonstrate that the combination of boronic acids with 
electrochemical techniques can result in extremely useful, rapid, and accurate analytical 
testing methodologies. Also, a dodecyl-modified boronic acid has been shown to create 
monolayer deposits on basal plane pyrolytic graphite electrode surfaces, which provided a 
strong basis for this study.[27] Herein a pyrene-appended pyridinium boronic acid receptor 
is deposited onto different carbonaceous materials. The pyrenes are shown to self-assemble 
onto the surface of (A) graphite and (B) carbon nanoparticles to create different carbon 
materials that are furnished with a surface layer of boronic acids (see Figure 4.2). 
 
 
Figure 4.2. Schematic drawing of (A) a pyrene-appended boronic acid modified graphite electrode and (B) pyrene-
appended boronic acid modified carbon nanoparticle film immobilised onto a graphite electrode. 
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Terminal pyrene-linker units have previously been employed for the functionalisation of 
hydrophobic or graphitic surfaces such those in graphene[28] and in CNT substrates.[29] 
These assembly processes, which result in the formation of layered pyrene moieties are 
predominantly driven by dispersion forces that arise between the substrate and the pyrene 
group. The self-assembly is also promoted by the low solubility of pyrene derivatives in 
aqueous media. Herein negatively charged phenylsulfonamide furnished carbon 
nanoparticles are combined with positively charged pyrene-appended pyridinium boronic 
acids (see Figure 4.1) in order to exploit additional electrostatic interactions. Three 
different boronic acids with a mono-, di-, and tri-methylene bridge (T1, T2, and T3, 
respectively) are employed and compared. The minor variations in the molecular structure 
of the boronic acid (T1–T3) are demonstrated to have a considerable effect on the ability of 
the formed pyrene-assemblies to bind through the boron atom to ortho-quinols such as 
caffeic acid.  
 
4.3 Experimental 
4.3.1 Reagents  
Ortho-phosphoric acid, dichloromethane, and acetonitrile were purchased from Fisher 
Scientific. Emperor 2000 sulfonate derivatised carbon nanoparticles (approximately 9-18 
nm diameters) were obtained from Cabot Corporation. All other chemical reagents 
including caffeic acid and sodium hydroxide were obtained from Aldrich and used without 
purification. Demineralised and filtered water was obtained from a Thermo Scientific 
water purification system (Barnstead Nanopure) with a resistivity approximately           
18.2 MOhm cm. The resistance (R) of a material is proportional to the length (l) and 
inversely proportional to the surface area (A), and the resistivity (ρ) is the constant of 
proportionality, see Equation 4.1. The value of the resistivity quantifies the extent at which 
a specific material opposes the flow of an electrical current. Therefore, it is more facile for 
a current to flow through a material with a lower the resistivity.  
 
  
  
 ⁄           (4.1) 
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4.3.2  Instrumentation 
For all voltammetric studies a microAutolab III potentiostat system (EcoChemie, 
Netherlands) was used with a Pt wire counter electrode and a KCl-saturated calomel (SCE) 
reference electrode (Radiometer). The working electrode was a 4.9 mm diameter basal 
plane pyrolytic graphite (Le Carbone UK Ltd., Pyrocarbon) disc electrode mounted into a 
Teflon casing. All experiments were performed at room temperature, that is, 22  2 oC. 
Scanning electron microscopy (SEM) images were obtained using a JEOL JSM6301F 
microscope. Fluorescence measurements were recorded by using a fluoroSENS fluorimeter 
(Gilden Photonics, UK) with fluoroSENS system software version 1.88.7. 
 
4.3.3 Modification of Carbon Nanoparticles and Basal Plane Pyrolytic 
Graphite 
Three pyrene-based compounds were used in this study that has previously been 
synthesised within the James group, see Figure 4.1.[13] The carbon linker between the 
pyrene moiety and the pyridinium boronic acid moiety in each compound differed and 
ranged from one to three carbons in length (Figure 4.1). Acetonitrile was used to dissolve 
the functionalised boronic acids and form 1 mM solutions of T1, T2, and T3. 
The basal plane pyrolytic graphite electrode surfaces were prepared by polishing with 
carborundum paper (grade 1000) and rinsing with distilled water before dipping the 
electrode into a 1 mM pyrene solution (T1, T2, or T3 pyrene in acetonitrile) for ten 
minutes. The electrode was then removed and allowed to dry in air before rinsing with 
distilled water. 
The pyrene boronic acid exhibited an emission peak at approximately 380 nm after 
excitation at 338 nm; see Figure 4.3(A), which shows the results for T1. To modify the 
Emperor 2000 CNPs with pyrene boronic acid, Emperor 2000 CNPs were added to 10 mL 
of 0.1 mM pyrene solution. After stirring the solution for ten minutes, it was allowed to 
stand for 20 minutes so that the carbon nanoparticles could settle-out. This process was 
followed by using fluorescence spectroscopy. Emperor 2000 CNPs were added portion-
wise to the fluorescent solution containing the modified pyrene boronic acid, and after each 
addition the mixture was left to stand. This was to allow the CNPs to settle out of solution 
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and leave the supernatant containing any pyrene boronic acid that had not physisorbed onto 
the surface of the particles; the supernatant was used directly for fluorescent 
measurements.  
 
 
Figure 4.3. Fluorescent spectra for 0.1 mM T1-pyrene boronic acid after excitation at 338 nm with (A) no CNPs and (B) 
increasing wt % of carbon nanoparticles from 0 to 66.7 wt %; (i) represents the increase in intensity between 0 and 33.3 
wt % and (ii) represents the decrease in fluorescent intensity between 33.3 wt % and 66.7 wt % CNPs added. (C) A plot 
of the maximum fluorescence intensity as the number of CNPs added increased. 
 
Interestingly, the fluorescence intensity began to increase with increasing amounts of 
CNPs, see Figure 4.3(B) and (C). This could be associated with the pyrene fluorophore 
being present in the excimer form at higher concentrations, which would appear red-shifted 
relative to the monomer.[30-33] As the pyrene boronic acid moieties bind adsorb onto the 
CNPs, they are being removed from the solution and the effective concentration in the 
solution is decreased. Therefore, the initial increase in fluorescence intensity with 
decreasing concentration was likely due to the pyrene favouring the mono-form over the 
excimer. After 10 mg (33.3 wt %) of Emperor 2000 had been added to the solution, a 
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maximum fluorescence was reached; Figure 4.3B(i) and (C). Upon subsequent additions of 
CNPs, the fluorescence decreased because of the mono-pyrene moieties being strongly 
adsorbed onto the surface of the CNPs; Figure 4.3B(ii). After 20 mg of CNPs were added 
to the solution, the supernatant exhibited very poor fluorescence response and further 
additions made negligible difference. Therefore, 20 mg CNPs (i.e., 66.7 wt %) were used 
to bind the pyrene boronic acid compounds in a 0.1 mM solution.  
The supernatant acetonitrile was decanted and rinsed before the solid was placed into an 
oven at 80 
o
C overnight to remove all of the remaining solvent and to dry the modified 
nanoparticles. The boronic acid modified nanoparticles were dispersed in fresh acetonitrile 
(3 mg mL
-1
) by ultrasonication for 30 minutes. Typically 5 µL of the resulting solution was 
drop cast onto a polished graphite electrode and allowed to dry in air, resulting in a 15 g 
deposit of modified CNPs as a film on the electrode surface. SEM images of the bare and 
modified graphite surfaces are shown in Figure 4.4. When an image of a blank graphite 
surface was compared to an image of the same surface after 5 µL of modified CNPs have 
been deposited, it was clearly observed that an uneven film of nanoparticle aggregates has 
formed.  
 
 
Figure 4.4. SEM images for (A) a bare graphite electrode and (B) a 15 g pyrene-boronic acid-CNP modified graphite 
electrode. 
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4.4 Results and Discussion 
4.4.1 Caffeic Acid Redox Activity: Free and Bound 
Caffeic acid is an anti-oxidant[34] that contains a redox active ortho-quinol species, which 
undergoes a 2 H
+ 
/ 2 e
-
 oxidation to form the corresponding ortho-quinone (see Equation 
4.2).[35] The ortho-quinol unit is a 1,2-diol that is able to bind to boronic acid functional 
groups through boronic ester formation.[36] 
 
                                     (4.2) 
 
A cyclic voltammogram (CV) for the oxidation of 0.17 mM caffeic acid in pH 7 buffered 
phosphate solution is shown in Figure 4.5A(iv) and CVs obtained under the same 
conditions but in the presence of T1 (i), T2 (ii), or T3 (iii) that is bound non-covalently to a 
graphite electrode are shown for comparison. At the bare graphite electrode, the chemically 
reversible oxidation of caffeic acid (process P1 in Figure 4.5) was observed at 0.15 V 
versus a SCE (consistent with previous literature reports).[37] Assuming semi-infinite 
diffusion to a flat electrode, the Randles-Sevcik equation (see Equation 4.3) could be used 
to estimate the diffusion controlled peak current for a two-electron oxidation.[38]  
 
RT
DnF
nFAcI p

446.0diffusion,                                                                              (4.3) 
 
In this equation the number of electrons transferred per molecule is n = 2, F denotes the 
Faraday constant (96485 C mol
-1
) , A = 19 × 10
-6
 m
2
 is the electrode area, c = 0.17 mol m
-3
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where c is the concentration, v denotes the scan rate, R is the universal gas constant, and    
D = 0.5 × 10
-9
 m
2
s
-1
 where D is the approximate diffusion coefficient for caffeic acid at 
pH 7.[39] The peak current was calculated as 12.4 A, which was in excellent agreement 
with the observed peak current in Figure 4.5A(iv), thus confirming semi-infinite diffusion 
conditions. 
 
Figure 4.5. (A) Cyclic voltammograms (scan rate 50 mVs-1) for 0.17 mM caffeic acid using (i) T1-modified graphite (ii) 
T2-modified graphite (iii) T3-modified graphite (iv) bare graphite electrode immersed in 0.1 M phosphate buffer solution 
at pH 7 (B) Cyclic voltammograms (50 mVs-1) for 0.01 mM caffeic acid in 0.1 M phosphate buffer solution at pH 7 using 
graphite electrodes  with (i) 3 µg T1-modified CNPs (ii) 15 µg T1-modified CNPs (iii) 30 µg T1-modified CNPs (iv) 60 
µg T1-modified CNPs immobilised. (C) Data from Biii with peak integration indicated. 
 
At the surface of the pyrene-modified graphite electrode, the capacitive current was 
reduced (by approximately 50%) because of pyrene functionalisation of the surface 
resulting in a partial surface-blocking effect. Furthermore, the Faradaic peaks for the 
82 
 
oxidation and reduction of caffeic acid were also much lower and the peak shape had 
significantly broadened (i.e., the electrode was partially blocked). Clearly the process was 
now under kinetic rather than semi-infinite diffusion control. At the same mid-point 
potential as the solution caffeic acid in solution is a process associated with a weak binding 
mechanism. The likely interaction of caffeic acid with the boronic acid appeared to be 
required as part of the electron transfer process. That is, random electron transfer to the 
caffeic acid species in solution was suppressed; however, orbital-controlled electron 
transfer to the boronic acid-bound caffeic acid was active (vide infra). Therefore P1 is 
thought to be due to weakly bound caffeic acid as well as the solution phase redox process, 
which is evidenced by bridging between the signals for P1 and P2 (vide infra). 
When comparing the effect of the three different boronic acids (T1, T2, and T3, Figure 
4.1), a minor additional oxidation peak was observed at approximately 0.6 V versus a. SCE 
when T3 was bound to the graphitic surface. This process (P2), although weak, was 
attributed to the caffeic acid that was strongly bound to the boronic acid (Equation 4.4). 
 
    (4.4) 
 
The amount of pyrene-boronic acid on the electrode surface was expected to be relatively 
high because of the evaporation method applied during adsorption. Integration of the 
charge under the oxidation/reduction peak for the bound caffeic acid suggests a charge of 
approximately 20 C, which would be consistent with 0.1 nmol binding sites or a 6 Å × 
6 Å area per binding site. However, the simple binding model suggested in Equation 4.4 
may not be appropriate if a second caffeic acid molecule was able to bind to the boronic 
acid receptor. The carboxylate functional group can also bind in addition to, or instead of 
the ortho-quinone (vide infra). 
When the boronic acid-modified CNPs were employed instead of the bare graphite 
electrode, additional capacitive background currents and additional Faradaic currents were 
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observed. Figure 4.5(B) shows the effect of changing the amount of CNPs for the            
T1-modified material immersed in 10 M caffeic acid. At this low concentration, the 
voltammetric responses were dominated by adsorbed caffeic acid and contributions from 
caffeic acid diffusing to the electrode could be completely ignored. Both processes P1 and 
P2 were detected most clearly for a 15 g CNP deposit. Both of the oxidation responses 
exhibited a similar charge under the voltammetric peak [see Qox,1 and Qox,2 in Figure 
4.5(C)] with the reduction peak  in P1 exhibiting twice the charge, that is, Qred = Qox,1 + 
Qox,2. It could be inferred that two types of adsorbed caffeic acid were present under these 
conditions, with P1 linked to weaker binding (in addition to caffeic acid free in the 
solution) and P2 linked to stronger (and likely covalent) adsorption, see Figure 4.6. When 
linked to the ortho-quinol, the boronic acid offered a second weaker binding site, which is 
proposed here as the reason for process P1 to remain active (vide infra). Therefore, there 
was no loss of caffeic acid as inferred by Equation 4.4 and even after oxidation the caffeic 
acid appeared to remain weakly bound. When there was too much of the carbon 
nanoparticle material deposited onto the electrode, the Faradaic currents appears weaker 
[see Figure 4.5B(iv)], which was likely to be attributed to inaccessible regions within CNP 
aggregates. Therefore, in the following experiments a 15 g carbon nanoparticle deposit 
was used in order to optimise the voltammetric responses. 
 
 
Figure 4.6. The two binding modes that give rise to redox processes P1 and P2. 
 
4.4.2 Caffeic Acid Redox Activity: Fluxionality 
The voltammetric data obtained for boronic acids T1, T2, and T3 as a function of scan rate 
are displayed in Figure 4.7. In all three cases, the modified nanoparticle electrode exhibited 
a clear reversible signal for the weakly bound caffeic acid (P1) with a midpoint potential of 
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0.16 V versus a SCE. An oxidation peak for the strongly bound caffeic acid (P2) was also 
observed at approximately 0.55 V versus a SCE. Interestingly, at slower scan rates the 
strongly bound caffeic acid was no longer detected but at higher scan rates (>0.05 Vs
-1
) the 
peak became significant. This scan rate effect was linked to a configurational change 
(referred to as fluxionality), in which a strongly bound bi-dentate caffeic acid (see 
Equation 4.4) was transformed within the time scale of the voltammetric scan into a 
weakly bound caffeic acid (i.e., it became mono-dentate), as shown in Equation 4.5.  
 
      (4.5) 
 
This process could have involved two neighbouring boronic acids on the electrode surface, 
for example, through a bridging transition state. The rate constant for this isomerisation 
could be estimated from the transition scan rate by using Equation 4.6. An additional 
consideration here is the release of protons during oxidation which in porous carbon 
aggregates could aid the configurational change. 
 
vtrans as 



29331.8
9648705.0
RT
Fv
k transiso  2 s
-1
      (4.6) 
 
When the peak responses for P2 were compared, only T1 and T3 showed significant 
signals, which suggested that the strong complex formed with T2 was either 
(i) energetically unfavourable or (ii) the configurational change was too rapid to be 
observed at this scan rate. A poor response was observed for T2, as shown in Figure 
4.7(B), and therefore, only the strongly bound form for T2 was observed; the purely 
energetic causes were ruled out. This could be attributed to the fluxional change between 
the two binding modes occurring on a timescale that is too fast to be observed. Because of 
the structural similarities between T1, T2, and T3, the binding constant for all three cases 
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was assumed to be similar. The binding is assumed to be strong but with a kinetic 
“Achilles heel” (i.e., a fast kiso), in particular for T2. 
 
 
Figure 4.7. Cyclic voltammograms for 0.01 mM caffeic acid at (i) 10, (ii) 20, (iii) 30, (iv) 50, (v) 70, and (vi) 100 mVs-1 
with 15 µg of (A) T1-modified CNPs (B) T2-modified CNPs (C) T3-modified CNPs immobilized on a graphite electrode 
and immersed in 0.1 M phosphate buffer at pH 7. 
 
4.4.3 Caffeic Acid Redox Activity: Concentration Effects 
The effect of caffeic acid concentration on the voltammetric responses was also 
investigated (see Figure 4.8). The reversible current signal (P1) increased with increasing 
concentrations of caffeic acid, which was indicative of a weak interaction as well as minor 
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contributions from either double-layer trapping or the physical trapping of caffeic acid 
within carbon nanoparticle aggregate pores (in this concentration range physical trapping 
can be assumed insignificant because of the small pore volume).  
 
 
Figure 4.8.  (A-C) Cyclic voltammograms (50 mV s-1) with increasing caffeic acid concentration from (i) 0.0, (ii) 2.5, 
(iii) 5.0, (iv) 7.5 (v) 10.0, (vi)12.5, (vii) 15.0, (viii) 17.5, (ix) 20.0, (x) 22.5, to (xi) 25 M with (A) T1-modified, (B) T2-
modified, and (C) T3-modified CNPs (15 g) deposited onto a graphite electrode. (D-F) Cyclic voltammograms (50 mV 
s-1) with increasing caffeic acid concentration from (i) 0.5, (ii) 1.0, (iii) 1.5, (iv) 2.0 (v) 2.5, (vi) 3.0, (vii) 5.0, (viii) 8.0, to 
(ix) 10.0 M with (D) T1-modified, (E) T2-modified, and (F) T3-modified graphite electrode immersed in 0.1 M 
phosphate buffer solution at pH 7. 
 
Conversely, the bound caffeic acid peak (P2) for T1 and T3 increased to a maximum, 
which represented the point at which all of the available boronic acid moieties were 
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occupied. The current bridge between P1 and P2 provided further evidence of the 
isomerisation demonstrated in Equation 4.5.  
Very similar features were observed for both the modified nanoparticle electrode [Figure 
4.8(A) to (C)] and the modified graphite electrode [see Figure 4.8(D) to (F)]. However, the 
features of the nanoparticle aggregate peak were strongly enhanced and in particular, 
process P2 was more readily identified in the presence of CNPs. According to the data in 
Figure 4.8, the three different boronic acids do not behave in the same manner and T2 
showed enhanced fluxionality and only T1 and T3 displayed prominent P2 peaks. In the 
case of T3, this peak emerged at low concentration (at approximately 1 M caffeic acid), 
which was indicative of a Langmuirian binding constant of approximately 10
6
 mol
-1
 dm
3
. 
However, further quantitative analysis of the voltammetric data was hindered by the rapid 
transformation between the strongly bound and weakly bound ortho-quinols. 
The analytically useful voltammetric response, P2, was observed more prominently for the 
pyrene-appended boronic acid T3. However, it was strongly affected by the fluxional 
behaviour of the boronic acid complex. A longer poly-methylene linker between pyrene 
and boronic acid demonstrated to be beneficial, with T3 providing the largest response for 
P2. However, in future this type of fluxionality could be suppressed, for example by 
external co-ligands or by internal N-donor atoms to intra-molecularly “lock” the boronic 
acid complex after it has bound to the ortho-quinol.[40]  
 
4.5 Conclusions  
The work in this chapter has shown that carbon nanoparticles provide excellent substrate 
materials for the self-assembly of pyrene-appended pyridinium boronic acid receptor 
molecules. In contrast to the poor performance of a simple graphite electrode surface (at 
which the predominantly suppressed solution phase electron transfer process was 
observed), carbon nanoparticle substrates provide optimised peak responses with high 
sensitivity to caffeic acid, that is, in the micro-molar range. A wide range of different 
pyrene-appended receptor systems could be bound to carbon nanoparticles using this 
methodology to provide versatile new sensor platforms. 
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Future studies regarding these materials could lead to improved designs of the pyrene-
appended boronic acid receptors on nanoparticle electrodes. For example, N-donor 
functionality can be introduced to slow down the fluxional processes [31] and “lock-in” the 
bound ortho-quinol to provide clearer detection of P2 processes (avoiding the 
transformation to the weakly bound ortho-quinol seen that is observed in the process 
represented by P1). This investigation has clearly demonstrated the need to consider 
kinetic/dynamic factors in future boronic acid chemoreceptor redox sensor development. 
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5.1 Abstract 
Sulfonic acid modified carbon nanoparticles (CNPs) that have a diameter in the range of 
approximately 9-18 nm are functionalised to produce CNPs that are furnished with 
dioctylaminesulfonamide moieties on the surface. These modified CNPs are 
characterised and employed as high surface area substrates to study coenzyme Q10 and 
1,2-dimyristoyl-sn-glycero-3-phosphocholine-Q10 (DMPC-Q10) redox processes. The 
modified CNPs provide a highly hydrophobic carbon substrate with a specific 
capacitance of approximately 25 F g
-1
 when no redox system has been added to the 
system. When coenzyme Q10 or DMPC-Q10 are immobilised onto the CNPs, the 
capacitance is lowered and therefore, results in well-defined voltammetric responses. 
Coenzyme Q10 is reduced and oxidised back in a pH-dependent process that displays a 
switch in mechanism at approximately pH 7. The DMPC-Q10 deposit shows very 
similar characteristics to those of pure coenzyme Q10, but with improved reproducibility 
and greater sensitivity. Both redox systems, coenzyme Q10 and DMPC-Q10, are found to 
be sensitive to Na
+
 concentration in the electrolyte and the mechanistic implications of 
this are discussed in this chapter. 
 
 
  
DMPC 
Coenzyme Q10 
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5.2 Introduction 
Carbon supports are ubiquitous in electrochemistry and are often important in technical 
processes such as those in fuel cells and energy storage[1] or in sensors.[2] Many new 
types of carbon materials and nanocarbons have been developed[3] and surface 
functionalisation methods through diazonium chemistry,[4] electrochemical 
functionalisation,[5] plasma reactions,[6] or silanisation procedures[7] have been 
exploited for improved selectivity and reactivity. CNPs with sulfonic acid 
functionalisation are in large scale industrial use (e.g. as colorants; Emperor 2000, 
Cabot Corporation) and these particles have recently been exploited in 
electroanalysis[8] and for further surface functionalisation.[9] It has been demonstrated 
that it is possible to combine negatively charged sulfonate-modified particles (Emperor 
2000) with positively charged sulfonamide-modified CNPs to give novel nanostructured 
carbon film materials for applications in bio-electrochemical processes.[10] The amine 
functionalisation route allowed redox systems such as anthraquinone to be covalently 
linked[11] and protein coupling chemistry to be applied to produce dopamine-
functionalised CNPs.[12] Herein CNPs are hydrophobised by introducing dioctylamine-
sulfonamide surface functionality. 
Lipophilic redox systems are of great importance, in particular for biological membrane 
processes. Coenzyme Q10 is an essential redox mediator in the mitochondrial electron 
transfer chain.[13] The reduced form of coenzyme Q10, ubiquinol 10, is a free radical 
scavenger that can prevent oxidative damage to cell membranes and minimize oxidative 
stress by forming ubiquinone 10, the oxidised form of coenzyme Q10.[14] Although 
coenzyme Q10 is ubiquitous in the human body, the ratio of ubiquinol to ubiquinone can 
be used as a redox marker for certain diseases, which can be found in the blood 
circulation.[15] For example, low ubiquinol/ubiquinone ratios have been linked to 
people with liver disease,[16] neurodegenerative disease,[17-19] and coronary artery 
diseases.[20] The total amount of coenzyme Q10 varies from person to person and one 
report stated that children and young adults typically have low levels of coenzyme Q10 
in their blood compared to adults, whereas this amount decreases again in the 
elderly.[21] Therefore, the ratio is a better indicator for disease, rather than the absolute 
value. 
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The electrochemistry of coenzyme Q10 immobilised on glassy carbon,[22] gold,[23] and 
mercury electrodes has been extensively studied.[24-26] Over a pH range of 2 to 12 the 
reduction of coenzyme Q10 involves a two-electron two-proton conversion to ubiquinol 
(see Equation 5.1).[27] Therefore, the corresponding standard potential is pH as well as 
environment (lipid) dependent. 
 
            (5.1) 
 
Gordillo and Schiffrin[27] carefully analysed the redox processes of coenzyme Q10 
adsorbed onto mercury and compared the findings with redox processes for coenzyme 
Q10 in a dioleyl phosphatidyl choline lipid film on mercury. During this study, four pH 
zones were identified, which displayed distinct mechanistic features. For pH values 
greater than 14, a reduction process occurred through a reversible two-electron pathway 
without protonation. For pH values between 14 and 12 irreversibility of electron transfer 
was observed, which was linked to the ubiquinol dianion protonation step. At a pH 
value of approximately 9.2 an increased level of irreversibility in electron transfer was 
observed, which Gordillo and Schiffrin proposed to be associated with a second proton 
transfer step forming the neutral product, as indicated in Equation 5.1. Under acidic pH 
conditions a bifurcation in mechanism was evident, this was demonstrated by the 
presence of two pairs of voltammetric peaks; therefore, additional disproportionation 
pathways were proposed. In addition to the mechanistic changes, very wide peak-to-
peak separations were observed at pH values less than 7.[27]  
The complexity of the overall reaction mechanism for coenzyme Q10 reduction is 
associated with acid-base equilibria for the semi-ubiquinol (pK1 = 5.5 to 7) and for the 
ubiquinol (pK1 = 12 and pK2 13.6).[27] In previous studies coenzyme Q10 was 
investigated at planar electrodes and, for example when studied using mercury 
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electrodes, coenzyme Q10 was proposed to be fully embedded into the lipid film on the 
electrode, which occurred through surface adsorption.  
 
 
Figure 5.1 - Schematic drawing of hydrophobic CNPs, prepared via dioctylamine (DOA) surface functionalisation, 
assembled with lipid into a modified electrode with electroactive nanocomposite film. 
 
In this study, coenzyme Q10 redox processes were investigated on a substrate of 
dioctylamine-sulfonamide functionalised CNPs. Under these conditions, that is, a highly 
curved lipid film, the coenzyme Q10 molecules (which have a molecular length of 
approximately 5 nm) were likely to be in a highly disordered arrangement. Because of 
the high intrinsic surface area (see Figure 5.1), the use of hydrophobic particles resulted 
in the enhancement of voltammetric signals and the coverage-dependent processes were 
able to be resolved. The ability of the hydrophobic CNPs to support a lipid film for the 
study of prototype membrane redox processes was explored (see Figure 5.1). Coenzyme 
Q10 and DMPC were co-deposited to form a composite film, and the Q10-DMPC 
membrane redox processes were compared with the processes observed for pure 
coenzyme Q10 on bare CNP substrate. In these experiments DMPC lipid could have 
been present by adsorbing onto the hydrophobic CNPs or as a disordered gel-phase that 
was approaching gel-fluid transition point, Tm = 23.8 
o
C.[28, 29] Compared to 
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traditional lipid film voltammetry experiments pioneered by Tien,[30] the molecular 
film structure formed in these experiments was more disordered. However, the 
methodology developed in this study could be of wider use for the investigation of lipid 
film electroanalysis, transitions, and reactivity. 
 
5.3 Experimental Section 
5.3.1 Reagents  
Emperor 2000 sulfonate-derivatised CNPs used as the starting material were obtained 
from Cabot Corporation. Other reagents were used without further purification: ortho-
phosphoric acid (Fisher Scientific), dichloromethane (Fisher Scientific, reagent grade), 
acetonitrile (Fisher Scientific, HPLC grade), potassium carbonate (Aldrich 99+%, ACS 
reagent), sodium hydroxide (Aldrich, Sigma ultra, 98%). Demineralised and filtered 
water was taken from a Thermo Scientific water purification system (Barnstead 
Nanopure) with approximately 18.2 MΩ cm resistivity.  
 
5.3.2 Instrumentation 
For all voltammetric studies a microAutolab III potentiostat system (EcoChemie, 
Netherlands) was used with a Pt wire counter electrode and a KCl-saturated Calomel 
(SCE) reference electrode (Radiometer, Copenhagen). A 3 mm diameter glassy carbon 
electrode (BAS Inc.) served as the working electrode. X-ray photoelectron spectroscopy 
(XPS) was conducted by using a home-built system containing a hemispherical analyser 
(VSW Ltd.), and the samples were excited by using a monochromatic Al Kα X-ray 
source at 1486.6 eV. Spectra were background corrected using a Shirley background 
scan and peak fitting was conducted using the XPSPEAK (version 4.1) software 
package. Peak areas were normalised using the atomic sensitivity factors.[31] The 
adventitious C1s photoelectron peak (285.0 eV) was used to calibrate the XPS peak 
positions The temperature was 22  2 oC.  
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5.3.3 Procedure for Surface Modification of Carbon Nanoparticles 
(A) Emperor 2000 CNPs (1 g) were added to dry dichloromethane (50 mL) in a 250 mL 
round bottom flask, before being placed in an ultrasonic bath for 30 minutes. The flask 
was then placed in an ice bath and cooled to 0 ºC while being degassed with N2, before 
thionyl chloride (10 mL) was added drop-wise, see Scheme 1. The resulting suspension 
was stirred for 2-3 hours until the flask reached room temperature. The excess solvent 
was removed by distillation to obtain a dry black powder.  
 
Scheme 1. The reaction of the Emperor 2000 carbon nanoparticles with thionyl chloride. 
 
(B) Dioctylamine (DOA, 10 mL) was added to a clean 250 mL round bottom flask 
containing dry dichloromethane (30 mL) and cooled to 0 ºC by using an ice bath. The 
chlorinated nanoparticles from (A) were added portion-wise over a 1 hour period under 
continued stirring, see Scheme 2. Once all of the chlorinated nanoparticles from (A) 
were added the reaction was stirred for a further 2-3 hours while allowing it to reach 
room temperature. Excess dichloromethane were removed by distillation to obtain a 
thick, black oil. After washing with ethanol, 1 M HCl (5 mL) was added with distilled 
water (100 mL) to yield a black solid. The product was collected by Büchner filtration 
and carefully washed with 1 M HCl and water before drying in an 80 ºC oven.  
 
Scheme 2. Reaction between dioctylamine and the chlorinated carbon nanoparticles. 
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5.3.4 XPS Surface Characterisation 
Powder samples of dioctylamine-sulfonamide functionalised CNPs were analysed by 
XPS to identify any surface compositional changes, with respect to the Emperor 2000 
starting material. In a survey scan [see Figure 5.2(A)] prominent signals for carbon and 
oxygen were identified in addition to weaker signals for sulfur and nitrogen. 
 
 
Figure 5.2 - XPS data for dioctylamine-sulfonamide functionalised CNP powder (NaOH washed): (A) survey scan, 
(B) carbon C1s data, (C) oxygen O1s data, (D) sulfur S2p data, (E) nitrogen N1s data (Mo from sample holder), and 
(F) chlorine Cl2p data. Binding energies were adjusted to C1s = 285.0 eV. 
 
Two samples were investigated, which were washed with either aqueous 0.1 M NaOH 
or 0.1 M HCl. The obtained surface compositional data were very similar both samples 
contained low level chlorine. The presence of chlorine in the alkaline-washed sample is 
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likely to be caused by residual from the thionyl chloride reaction. There was no 
evidence for protonated amine functionalities, that is, no enhancement of the 
chlorine/chloride signals was observed. Low level sodium [see Figure 5.2(A)] was 
observed after washing with NaOH, which could be attributed to ionic interactions with 
remaining carboxylate functional groups. 
The most interesting graph, the N1s spectra [Figure 5.2(E)], is well-resolved with a 
prominent N-C peak and a shoulder at higher binding energy (BE), which could be 
assigned to N-S bonding. The width and intensity of the peaks assigned to N-C and N-S 
suggest that there was a wide range of N1s chemical environments in this sample. The 
estimated ratio of S:N of approximately 0.25 suggests the presence of additional DOA 
moieties that could be attached to the carboxylate groups. The C1s spectra [Figure 
5.2(B)] also show interesting features. It is clear that a wide variety of C1s chemical 
environments were present in the sample. It is likely that the peaks represent, from 
lowest to highest binding energy: C-C (285 eV), C-O, C-S/C-N, and C=O. The O1s 
spectra indicate the presence of other O1s chemical environments in addition to the C-O 
environment. The additional peaks can be attributed to C=O and O=S. The estimated 
errors for the peak positions were calculated to be approximately ± 0.25 eV.  
 
         
                                                 
                       (5.2) 
 
The XPS elemental ratios can be calculated by using Equation 5.2. This allowed the 
direct comparison of these ratios, as shown in Table 5.1. The XPS peak area ratios were 
corrected by using the atomic sensitivity factors.[21] 
 
Table 5.1. Summary of most important elemental ratios from XPS data for dioctylamine-sulfonamide functionalised 
CNPs washed with 0.1 M HCl (Sample 1) or 0.1 M NaOH (Sample 2). Calculated errors are approximately 10-15%. 
 Wash O1s/C1s S2p/C1s N1s/C1s S2p/O1s S2p/N1s Cl2p/C1s 
Sample 1 HCl 0.065 0.007 0.02 0.11 0.30 0.004 
Sample 2 NaOH 0.074 0.006 0.03 0.08 0.19 0.004 
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The XPS data confirms that the dioctylamine-sulfonamide surface functional groups 
were present. They also demonstrate that the effect of pre-treatment with aqueous HCl 
or NaOH is insignificant, which is consistent for this type of functionality. 
 
5.3.5 Electrode Preparation 
The working electrodes were prepared by depositing 5 L of a sonicated toluene 
solution (containing 3 mg mL
-1
 dioctylamine-functionalised CNPs, for DMPC-Q10 
studies this solution also contained 3.4 mg mL
-1
 DMPC in toluene) onto a 3 mm 
diameter glassy carbon electrode. After evaporation of the toluene, the deposited film 
consisted of 15 g hydrophobic CNPs, 1 nmol coenzyme Q10, and 25 nmol DMPC 
lipid. The ratio of components was varied as required throughout the study, as detailed. 
 
5.4 Results and Discussion 
5.4.1 Voltammetric Characterisation of Hydrophobic CNPs 
The presence of DOA that was predominantly bound as sulfonamide to the CNP surface 
caused deposits on the electrode surfaces to be strongly adhered and water-insoluble 
(hydrophobic) in contrast to the more hydrophilic sulfonate-furnished CNP starting 
material (Emperor 2000). The deposits at glassy carbon electrode surfaces were formed 
readily by depositing through solvent evaporation from a toluene suspension, this 
allowed the deposited films to be studied by using cyclic voltammetry (CV). Figure 
5.3(A) shows typical voltammetric responses obtained for (i) 15 g hydrophobic CNPs, 
(ii) 1 nmol coenzyme Q10, and (iii) a combination of both coenzyme Q10 and 15 g 
particles deposited onto a 3 mm glassy carbon electrode, which was immersed into 
aqueous 0.5 M phosphate buffer solution (PBS) at pH 7.  
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Figure 5.3 - (A) CVs (scan rate 10 mVs-1) for (i) 15 g hydrophobic CNPs, (ii) 3 nmol Q10, and (iii) 3 nmol Q10 with 
15 g hydrophobic CNPs; deposited onto a glassy carbon electrode and immersed in 0.5 M PBS at pH 7. (B) CVs for 
(i) 1 nmol, (ii) 3 nmol, and (iii) 15 nmol Q10 with 15 g hydrophobic CNPs deposited onto a glassy carbon electrode. 
(C) CVs for (i) 0.1 nmol, (ii) 1 nmol, and (iii) 3 nmol Q10 with 15 g hydrophobic CNPs deposited onto a glassy 
carbon electrode. (D) Plot of anodic peak charge against scan rate. (E) Plot of the anodic peak charge against 
coverage of Q10 in nmol, at a constant 15 g carbon loading. (F) Plot of the anodic peak charge for 0.1 nmol Q10 
versus hydrophobic CNP mass. The dashed line is indicating the one-electron transfer mechanism. 
 
The hydrophobic CNPs affected the capacitive background current of the electrode by 
approximately 25 F g
-1
 (400 µF for 15 µg CNPs), calculated by using Equation 5.3. 
However, the modified CNPs did not contribute to the electrochemical current response. 
Coenzyme Q10 immobilised onto bare glassy carbon electrodes displayed a reduction 
and back-oxidation peak response centred at Emid (= ½ Ep,ox + ½ Ep,red) = -0.15 V versus 
a SCE, as expected for the overall two-electron two-proton reduction (see Equation 
5.1).[26] However, when immobilised onto the hydrophobic CNPs, a considerably 
enhanced current response was observed for coenzyme Q10 [Figure 5.3A(iii)] with a 
charge under the reduction peak of approximately 80 C, corresponding to almost one 
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electron per coenzyme Q10 molecule that was immobilised at the electrode surface. The 
reason for this deviation from the anticipated two-electron characteristics could be 
because of the solid state nature of the coenzyme Q10 deposit or some trapping of 
coenzyme Q10 within the carbon aggregates, thus making it inaccessible to the 
electrolyte. 
The capacitive background current was affected by the presence of coenzyme Q10, this 
was likely because of the hydrophobic nature of coenzyme Q10 [compare Figure 5.3A(i) 
and (iii)]. Experiments conducted with different amounts of coenzyme Q10 co-deposited 
with hydrophobic CNPs onto glassy carbon electrodes demonstrated a considerable 
change in the peak-to-peak separation. Figure 5.3(B) and (C) show data for 0.1, 1, 3, 
and 15 nmol coenzyme Q10, the voltammetric responses all centred around Emid = -0.15 
V versus a SCE. However, the peak-to-peak separation changes from approximately 55 
mV for 0.1 nmol coverage to approximately 1 V for 15 nmol coverage, and two distinct 
pairs of peaks were observed at lower coverage. The charge under the peak (cathodic or 
anodic) converged to approximately that expected for a one-electron reduction. 
Additional experiments conducted with a fixed ratio of coenzyme Q10 to hydrophobic 
CNPs [see Figure 5.3(F)] revealed a similar trend with convergence to a charge of 
approximately one electron per coenzyme Q10 molecule at the electrode surface (dashed 
line). With more than 50 g hydrophobic CNPs immobilised, the voltammetric peaks 
became poorly resolved from the background capacitive response. It is possible that 
under these conditions and at pH 7 the first one electron reduction was fast with the 
second electron transfer kinetically slow because of a coupled protonation; therefore, 
resulting in poorly resolved voltammograms. Schiffrin suggested the importance of 
disproportionation processes that lead to such bifurcation and appearance of a second 
pair of peaks.[27] A further interpretation of this phenomenon could be the involvement 
of Na
+
 cations which can lead to additional redox peaks for solid state redox 
conversions.[32, 33] 
The effects of pH on the voltammetric responses for coenzyme Q10 reduction were 
investigated. Figure 5.4(A) shows typical voltammetric responses for 1 nmol coenzyme 
Q10 immobilised with 15 g hydrophobic CNPs at (i) pH 12, (ii) pH 7, and (iii) pH 2. 
Both a systematic shift in midpoint potential and a pH-dependent change in peak-to-
peak separation were observed. This shift in midpoint potential is consistent with a 
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Nernstian shift of approximately 60 mV per pH unit for a two-electron two-proton 
process, as previously observed and described by Schiffrin and co-workers.[27] Only at 
highly alkaline pH, that is, pH values greater than 12, do changes in the mechanism 
occur from two-electron two-proton to two-electron one-proton and finally to a two-
electron process.[27] A significant deviation was observed at pH 7, which was caused 
by the presence of two distinct pairs of peaks that resulted in a distortion of the data [see 
Figure 5.4A(ii)]. Overall, the shift in midpoint potential and the change in peak-to-peak 
separation are consistent with previous literature reports.  
 
Figure 5.4 - (A) CVs (scan rate 10 mVs-1) for the reduction and back-oxidation of 1 nmol Q10 in 15 g CNP 
immobilised at a glassy carbon electrode and immersed in aqueous 0.5 M PBS at pH (i) 12, (ii) 7, and (iii) 2. (B) Plot 
of peak potentials Ep,ox and Ep,red and the midpoint potential Emid (= ½ Ep,ox + ½ Ep,red) versus pH. (C) CVs (scan rate 
10 mVs-1) for the reduction and back-oxidation of 1 nmol Q10 on 15 g CNP immobilised at a glassy carbon electrode 
and immersed in aqueous 0.5 M PBS at  pH 7 with (i) 0, (ii) 0.5, (iii) 1.0, (iv) 2.0, and (v) 5.0 M NaCl added. 
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Recent literature has suggested the importance of cation effects in addition to the effect 
of pH on the voltammetric responses for coenzyme Q10 reduction. The binding of Ca
2+
 
to coenzyme Q10 derivatives has been proposed in a previous investigation.[34] Figure 
5.4(C) shows a set of voltammograms recorded for the reduction of 1 nmol coenzyme 
Q10 as a function of Na
+
 concentration. The cathodic peak was only weakly affected, 
whereas the anodic peak was shifted significantly as the concentration of NaCl was 
increased. This result implies an involvement of Na
+
 in the mechanism at pH 7. The 
ubiquinol could be interacting with Na
+
 in the aqueous phase that resulted in a decrease 
in the rate of electron transfer (vide infra). 
 
5.4.2 Voltammetric Characterisation of CNPs with DMPC Lipid 
The hydrophobic dioctylamine furnished CNPs have been demonstrated to be useful as 
carriers for hydrophobic redox systems such as coenzyme Q10, but also as a 
nanostructured substrate for lipid films. Herein, it is demonstrated that DMPC, a neutral 
lipid, could be used in conjunction with coenzyme Q10. 25 nmol DMPC per 15 g was 
selected to give approximately a mono-layer coverage of the modified CNPs (based on 
an estimate of 2000 DMPC molecules per nanoparticle assuming an approximate 
diameter of 10 nm). Figure 5.5(A) shows typical CVs that were obtained with 0.1 nmol 
coenzyme Q10. The capacitive background current observed in these experiments 
(approximately 8 F) was considerably lower compared with that of 15 g hydrophobic 
CNPs without lipid (approximately 400 F, vide supra). The capacitance was reduced 
for the lipid-coated nanoparticle electrode surface. As DMPC was added to the surface 
of the electrode it was likely blocking some of the active surface sites, leading to a 
decrease in the active surface area. This decrease in capacitance is expected because the 
capacitance (C) is proportional to the active area of the electrode (A), see Equation 5.4 
(where εr is the dielectric constant, ε0 is the permittivity constant, and d is the distance 
between the electroactive surface and the electrolyte).  
 
      
 
 
          (5.4) 
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For coenzyme Q10 co-deposited with DMPC, well-defined reduction and back-oxidation 
peak responses were observed [see Figure 5.5(A)]. The charge under the peak was 
approximately 4 C and independent of the scan rate, whereas a charge of 
approximately 20 C is expected for a two-electron process. The less than complete 
electrolysis could be attributed to coenzyme Q10 being concealed within CNP 
aggregates (coenzyme Q10 diffusion is likely to be extremely slow below the gel-fluid 
transition point).[28]  
 
 
Figure 5.5 - (A) CVs (scan rate (i) 0.01, (ii) 0.05, (iii) 0.1, (iv) 0.25, (v) 0.5, (vi) 1.0, and (vii) 2.0 Vs-1) for the 
reduction and back-oxidation of 0.1 nmol Q10 in 25 nmol DMPC/15 g CNP immobilised at a glassy carbon electrode 
and immersed in aqueous 0.5 M PBS at pH 7. (B) As above at pH 12. (C) As above at pH 2. (D) Plot of the peak 
potentials for oxidation and reduction as a function of scan rate. 
 
The peak positions of the coenzyme Q10 reduction and back-oxidation were shifted 
almost linearly with the logarithm of the scan rate [see Figure 5.5(D)], this is consistent 
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with the expected electron transfer kinetic effects of this system. When the DMPC-Q10 
films were investigated as a function of electrolyte solution pH, a characteristic shift in 
midpoint potential and a widening of the peak-to-peak separation in more acidic media 
were observed, consistent with the data obtained in the absence of lipid. A summary of 
the pH effects on the voltammetric currents are shown in Figure 5.6(A) and (B). A shift 
of approximately 60 mV per pH unit in the Emid value is consistent with that expected 
for a two-electron two-proton reduction and is in agreement with literature reports 
studying coenzyme Q10.[27] The Emid plot in Figure 5.6(B), in the presence of DMPC, is 
almost identical to that in Figure 5.4(B), without DMPC; however, in the absence of 
DMPC a more complex voltammetric behaviour is observed.  
 
Figure 5.6 - (A) CVs (scan rate 10 mVs-1) for the reduction and back-oxidation of 0.1 nmol Q10 in 25 nmol DMPC/15 
g CNP immobilised at a glassy carbon electrode and immersed in aqueous 0.5 M PBS at pH (i) 12, (ii) 10, (iii) 7, 
(iv) 5, and (v) 2. (B) Plot of peak potentials Ep,ox and Ep,red and the midpoint potential Emid (= ½ Ep,ox + ½ Ep,red) 
versus pH. (C) CVs (scan rate 10 mVs-1) for the reduction and back-oxidation of 0.1 nmol Q10 in 25 nmol DMPC/15 
g hydrophobic CNPs immobilised at a glassy carbon electrode and immersed in aqueous 0.5 M PBS at  pH 7 with 
(i) 0, (ii) 0.5, (iii) 1.0, (iv) 2.0, and (v) 5.0 M NaCl added. (D) Suggested interaction of coenzyme Q10 with Na
+. 
 
Finally, the effect of added electrolyte, here NaCl, was investigated. The CVs in Figure 
5.6(C) demonstrate that the cation concentration affected the anodic peak response and 
the shift observed was comparable to that observed for the coenzyme Q10 responses in 
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the absence of DMPC [see Figure 5.4(C)]; however, the magnitude of the shift was 
much lower in the presence of DMPC. A similar mechanism must be in operation in 
both cases and the interaction of the coenzyme Q10 headgroup with Na
+
, as 
demonstrated in Figure 5.6(D), provides a reasonable interpretation.  
 
5.5 Conclusions  
The dioctylamine-sulfonamide functionalised CNP substrate has been investigated for 
the direct immobilisation of coenzyme Q10 and for coenzyme Q10 immobilised within a 
DMPC lipid film. Enhanced voltammetric responses were observed, and in particular 
for the lipid film, high sensitivity with low levels of coenzyme Q10 was achieved, which 
could be attributed to the suppression of the capacitive background current. The 
interaction of the reduced form of the coenzyme Q10 redox system with Na
+
 has been 
observed for both pure coenzyme Q10 and DMPC-Q10 systems that have been 
immobilised on modified-nanoparticle substrates. This cation interaction is proposed to 
be associated with a change in the rate of electron transfer.  
The new hydrophobic dioctylamine-sulfonamide-modified CNP substrate is versatile 
and can be used to study both hydrophobic redox systems and lipid films. In future, this 
could be beneficial for a wider range of lipid electroanalysis problems, for example in 
the study of drug – lipid interactions or for the analysis for biological lipid mixtures and 
cell membranes. 
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6.1 Abstract 
1,2-Dimyristoyl-sn-glycero-3-phosphocholine (DMPC) is a component in lipid cell 
membranes. Like other lipids, DMPC is known to undergo a gel-liquid phase transition. 
In this work the phase transition is investigated by using modified carbon nanoparticles 
(with approximately 9 to 18 nm diameters) as a hydrophobic support and a conduit for 
electrons. In the presence of coenzyme Q10 (CoQ10), well-defined voltammetric 
responses are obtained with a strong irreversible change in the kinetic parameters at the 
gel-liquid transition point, which is observed between 25 and 30 
o
C. The transition is 
only observed during heating and is not visible in the cyclic voltammograms during 
cooling. The transformation is confirmed by differential scanning calorimmetry, which 
also suggests a further phase change upon cooling that occurs at 17 
o
C. The morphology 
of the lipid film is observed to be largely unchanged on heating; this was investigated 
by using Brewster angle microscopy. In future research, the dioctylamine-modified 
carbon nanoparticles could provide a hydrophobic tool for wide explorations into 
membrane properties. 
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6.2 Introduction 
Biological membrane processes are extremely complex and important functions that 
impact everyday life. The study of such processes is important for the understanding of 
biochemical pathways and being able to create new biomedicines and biosensors.[1, 2] 
One method for studying these processes is by using electrochemical analysis.[1, 3] 
Electrochemistry offers an inexpensive means to efficiently monitor redox-active 
moieties within cell membranes. Previous studies have focused on combining 
electroanalysis with membrane-type materials; the most prominent in recent literature is 
the use of lipids.[1, 4, 5]  Biological membrane processes take place in lipophilic 
environments and it is therefore important to fabricate new materials that are lipophilic 
so that they can be utilized within cell membranes and biological environments.  
Supported phospholipid bilayers are commonly used because biologically active 
substrates can be directly attached and studied.[1] However, one limitation of studying 
lipid-based systems is that the chemistry within a lipid can change dramatically as a 
function of temperature.[6] This is caused by the intrinsic structure of lipids; the 
hydrocarbon chains are assembled in layers that manifest weak interactions between 
adjacent layers, and the headgroups combine through stronger polar interactions. When 
heated, this type of structure begins to melt, initially at the hydrocarbon chains, which 
become more fluid and disordered, when heated further, the head group interactions are 
also broken and the lipid adopts a liquid state. When the lipids begin to melt they still 
possess long range order; however, at the atomic scale they are very disordered, that is, 
fluid; this results in mesomeric phase transitions.[6, 7]  
In cholesterol-based phospholipid systems, there is a “gel” phase that occurs.[7, 8] 
These gel phases contain adjacent layers of intact bilayer and liquid-crystalline layers. 
The transition between this stage and the liquid-like state occurs at a specific 
temperature for each individual lipid material; this is known as the gel-fluid transition 
point. 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) is a commonly used 
phospholipid, and the gel-fluid transition point for which has been measured as  
23.8 
o
C.[9, 10] 
 
115 
 
Electrochemical measurements in the presence of DMPC have previously been 
investigated;[5] however, the effect of temperature and the phase of the lipid on such 
analytical methods are not understood. Herein, DMPC is combined with a modified 
carbon nanoparticle support for the analysis of coenzyme Q10. This is an important 
system as coenzyme Q10 is an important lipophilic redox-active compound that is 
ubiquitous in the body. It is an essential mediator in the mitochondrial transfer chain, it 
can also be found at elevated levels within the blood as it is also a common disease 
marker.[11, 12] Therefore, the accurate analysis of coenzyme Q10 is important. The 
carbon support used herein in the composite is significant because it has been 
demonstrated to greatly enhance the electrochemical signals of coenzyme Q10, 
especially in the presence of DMPC, as this amplifies the Faradaic signals by 
suppressing the background capacitance.[13]  
   
6.3 Experimental 
6.3.1 Reagents  
Emperor 2000 carbon nanoparticles used as the starting material were obtained from 
Cabot Corporation. DMPC and coenzyme Q10 were purchased from Sigma Aldrich. All 
other reagents were used without further purification: ortho-phosphoric acid (Fisher 
Scientific), sodium hydroxide (Aldrich, Sigma ultra, 98%), toluene (Sigma, ACS 
reagent, ≥99.5%). Demineralised and filtered water was taken from a Thermo Scientific 
water purification system (Barnstead Nanopure) of approximately 18.2 MOhm cm 
resistivity.  
 
6.3.2 Instrumentation 
For voltammetric studies a microAutolab III potentiostat system (EcoChemie, 
Netherlands) was employed with a Pt wire counter electrode and a KCl-saturated 
Calomel (SCE) reference electrode (Radiometer, Copenhagen). A 3 mm diameter glassy 
carbon electrode (BAS) served as working electrode. The temperature was 22  2 oC.  
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The differential scanning calorimmetry (DSC) measurements were performed by using 
DSC Q20 V24.10 apparatus and the analysis was performed over a temperature range of 
10 – 50 oC. The temperature was increased at a temperature ramp rate of 1 oC per 
minute to 50 
o
C, at which the temperature was kept constant for 5 min before the 
temperature was decreased at 1 
o
C per min. To prepare the films, DMPC (17 mg) was 
added to dioctylamine-modified CNPs (15 mg) and toluene (5 mL). This mixture was 
place in an ultrasonication bath for 30 min, after which a black suspension was 
obtained. This was then deposited onto the surface of a white tile (approximately 225 
cm
2
) together with CoQ10 (1 μL, 0.1 mg mL
-1
 in toluene) at a CNP-DMPC/CoQ10 ratio 
of 5:1, that is, the same ratio as the film produced on the surface of the electrodes in the 
voltammetric studies. The CNP-DMPC and CoQ10 solutions were mixed before 
evaporating at room temperature to form a composite film. After 24 h, the film was 
scraped off and used in the DSC measurements.  
Brewster angle microscopy (BAM) measurements were performed on a BAM2Plus 
microscope (Nanofilm Technology, Goettingen, Germany). The temperature of the 
sample slide was controlled by using a heat stage. The microscope was equipped with a 
frequency doubled Nd:YaG laser (532 nm, 20 mW), polarizer, analyzer, and charge-
coupled device (CCD) camera. Images were taken by using a 10 × objective with an 
actual magnification of 15 ×. This resulted in an x-axis on the image of 430 μm, and the 
geometry of the y-axis was calculated by using Equation 6.1: 
 
  
 
     
          (6.1) 
 
in which α is the aspect ratio, which is equal to 768/572, and θ is equal to the angle of 
incidence, which in this case was the Brewster angle of glass equal to 56°.[14]  
To prepare the films, DMPC (17 mg) was added to dioctylamine-modified CNPs (15 
mg) and toluene (5 mL). This was placed in an ultrasonication bath for 30 min to yield a 
black suspension. This was then deposited onto a microscope slide together with CoQ10 
(1 μL, 0.1 mg mL-1 in toluene) to achieve a CNP-DMPC/CoQ10 ratio of 5:1. After  
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20 min, the toluene had evaporated and the microscope slide was placed inside the 
BAM chamber. 
 
6.3.3 Electrode Preparation 
The working electrodes were prepared as described in a previous study.[13] Typically, 
DMPC (17 mg) was added to dioctylamine-modified CNPs (15 mg) in addition to 
toluene (5 mL). This was mixed with the aid of an ultrasonication bath to yield a black 
solution. The CNP-DMPC solution (5 µL) was deposited onto a polished glassy carbon 
electrode. Coenzyme Q10 (1 µL, 0.1 mg mL
-1
 in toluene) was co-deposited with the 
nanoparticles before drying together at room temperature to produce a CNP-Q10-DMPC 
composite on the electrode surface.  
For all films, that is, for DSC, BAM, and electrochemical measurements, described as 
“half-CNP” and “no carbon” the same procedure was followed; however, 7.5 mg or 0 
mg of dioctylamine-modified CNPs were used, respectively. All other components were 
used at the same volume, concentration, and amount.  
 
6.4 Results and Discussion 
6.4.1 Voltammetric Responses as a Function of Temperature  
The CNP-Q10-DMPC modified electrodes were used directly in a three-electrode 
electrochemical cell containing 0.1 M phosphate buffer solution (at pH 2, 7, or 12). The 
temperature of the electrolyte was controlled by using a thermostatic bath. At the 
starting temperature (10 
o
C), clear reduction and back oxidation peaks could be 
observed with a midpoint potential (Emid) of approximately 150 mV at pH 2, which 
corresponded to the coenzyme Q10 redox couple. The peak-to-peak separation was 
approximately 490 mV. As the temperature of the system was increased, the peak-to-
peak separation decreased, and at 55 
o
C, the peak-to-peak separation was 300 mV in pH 
2 buffer solution. Interestingly, the position of the reduction peak was unchanged  
(-50 mV), whereas the oxidation response became progressively more favourable as the 
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temperature increased. This was demonstrated by the oxidation potential becoming 
lower (i.e., shifting from 420 mV at 10 
o
C to 250 mV at 55 
o
C), see Figure 6.1(a) to (c). 
  
 
Figure 6.1. Cyclic voltammograms for CNP-Q10-DMPC modified electrodes in 0.1 M phosphate buffer solution 
recorded with a scan rate of 100 mV s-1. (a, d and g) Increasing temperature from 10oC to 55oC in 5oC steps, (b, e and 
h) decreasing temperature from 55oC to 10oC, in 5oC steps, (c, f and i) a summary of the data at (i) the starting 
temperature, 10oC, (ii) the maximum temperature, 55oC, and (iii) the final temperature, 10oC. (a to c) were buffered at 
pH 2, (d to f) were buffered at pH 7 and (g to i) were buffered at pH 12. 
 
As the cell was cooled in temperature from 55 
o
C back to 10 
o
C, the peak-to-peak 
separation increased to 450 mV. The oxidation potential also shifts; mirroring the effect 
seen during the heating process, the oxidation potential sequentially reaches more 
positive values as the temperature is lowered. However, when the temperature is 
returned to 10 
o
C, the oxidation potential is not the same as the starting electrode. After 
heating and cooling the oxidation peak is seen at 350 mV. It can be seen from Figure 
6.1(c) that the peak-to-peak separations at 10 
o
C, both initially and after the temperature 
changes, are very similar. This is because during the cooling process the reduction peak 
potential is also affected, and it shifts from 50 mV to 110 mV, Figure 6.1(b). 
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In pH 7 electrolyte solution, the initial peak-to-peak separation at 10 
o
C was 260 mV, 
this reduced to 145 mV when the temperature reached 55 
o
C, and after cooling back to 
10 
o
C there was a large increase in the peak-to-peak separation with it reaching 520 mV. 
This dramatic change was caused by both the oxidation and reduction signals being 
shifted, oppositely to that observed at pH 2. At a pH value of 7, both the oxidative and 
reductive responses shift to less positive values as the temperature is increased, see 
Figure 6.1(d). It is important to note that the oxidative signal was shifted to a greater 
extent than the reductive signal. When the temperature was decreased, the reductive 
signals continued to shift to more negative potentials; however, the oxidative responses 
were seen to shift consistently to greater potentials at each incremental change in the 
temperature, Fig 6.1(e).   
In alkaline conditions (pH 12), there was a less significant change in the peak positions 
upon heating. As seen for both pH 2 and 7, the signal intensity increased consistently 
with the temperature increase. However, at pH 12 a maximum was achieved at 30 
o
C (in 
the other cases, the maximum peak potential was achieved at the maximum temperature, 
i.e., 55 
o
C), upon further heat treatment, there was a splitting of the oxidation and 
reduction signals (more significant in the oxidative signal). This could be attributed to a 
change in the electron transfer mechanism. It is likely that the high temperature and 
highly alkaline conditions instigated a structural change of the coenzyme Q10, resulting 
in a change from a fast concerted 2H
+
/2e
-
 mechanism to two 1e
-
 steps.  
 
6.4.2 Voltammetric Detection of Phase Transitions 
The maximum peak current was extracted from the CV data and plotted against 
temperature. Figure 6.2(a) shows the data in pH 2 phosphate buffer electrolyte. It can be 
clearly observed that as the temperature increased, there was an associated linear 
increase in the maximum peak current for both the oxidative and reductive responses. 
Between 20 and 25 
o
C there was a step in the maximum peak current before the linear 
increase is resumed. A similar pattern was observed for the reduction data. For both the 
oxidation and reduction processes, there was no clear step observed in the potential 
when the temperature was decreased and returned to 10 
o
C. The step in the maximum 
peak current can be attributed to a phase-change process. The temperature at which this 
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occurred was similar to the temperature reported in the literature for DMPC lipid gel-
fluid transition. Therefore, by using this methodology it is possible to detect phase 
transitions through simple electrochemical analysis.  
 
 
Figure 6.2 Maximum peak currents for oxidative (iPox) and reductive (iPred) signals as a function of changing 
temperature. 
 
At pH 7, the step was much more subtle and no clear change in the phase could be 
identified in the system from the plot of peak current versus temperature, Figure 6.2(b). 
However, in the case of pH 12, there was a very clear peak in the plots for both iPox and 
iPred between 25 and 30 
o
C, Figure 6.2(c). This is consistent with the data in Figure 6.1 
and suggests that the gel-fluid transition is also associated with a change in mechanism 
of the coenzyme Q10.  
 
6.4.3 Charge Response of Coenzyme Q10 
Integration of the cyclic voltammograms indicates that the maximum charge, that is, at 
55 
o
C, is approximately 5 µC, whereas the theoretical maximum charge is 23 µC. This 
suggests that a lot of the coenzyme Q10 was confined within the DMPC-CNP composite 
and; therefore, was not available for electron transfer processes. At the initial 
temperature, 10 
o
C, it is likely that a greater proportion of the Q10 was unavailable for 
electron transfer processes that are taking place at the electrode. However, as the system 
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is heated, the structure of the lipid becomes more fluidic and allows for easier transport 
of the Q10 throughout the film allowing it better access to the electrode surface.  
 
 
Figure 6.3 BAM images of DMPC lipid film at 10 oC (A) and 40 oC (B); DMPC film containing half-loading of 
CNPs at 10 oC (C) and 40 oC (D); DMPC with full loading of CNPs at 10 oC (E) and 40 oC (F). The scale bars 
represent 10 µm. 
 
The effect of temperature on the film morphology was observed by using Brewster 
angle microscopy (BAM). Figure 6.3 shows the lipid and the lipid with carbon film 
edges at 10 and 40 
o
C. Figure 6.3(A) and (B) show an incomplete DMPC-only film on a 
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microscope slide at 10 and 40 
o
C, respectively. Figure 6.3(C) and (D) show a CNP-
DMPC film, with “half-loading” of CNPs, at 10 and 40 oC, respectively. Figure 6.3(E) 
and (F) show as small portion (on the right-hand side) of a CNP-DMPC film on a 
microscope slide, with full carbon loading, at 10 and 40 
o
C, respectively. The samples 
were evaporated onto the microscope slides, and the images were obtained at the 
sample/air interface. From the images, there was no apparent change in the film 
morphology at the molecular scale. It is possible that when the film dried, especially for 
the sample with half-carbon-loading, the CNPs became trapped within the rough surface 
of the microscope slide, and when the lipid underwent the phase transition the film was 
unable to reorganise itself as it does when it is deposited onto a polished glassy carbon 
electrode that has been immersed into buffer solution. However, when looking at the 
film with full carbon loading [Figure 6.3(E) and (F)], the film became darker, which 
implies that the carbon nanoparticles were able to move through the fluidic film and 
settle into a thicker, more aggregated film of carbon nanoparticles instead of more 
dispersed particles throughout the film.  
This theory also helps to explain the decrease in coulombic charge as the system was 
cooled back to the starting temperature because the DMPC returns to a more gel-like 
state, again hindering the movement of the redox moiety. However, even the maximum 
charge that is observed is still much below that what is expected. This is likely to be 
caused by some of the CoQ10 being incorporated into aggregates of the CNPs, which are 
not subjected to phase changes within the studied temperature range. This aggregative 
behaviour confining the compound has been seen in previous studies with Emperor 
2000 carbon blacks.[13, 15, 16]  
 
 
Figure 6.4 A plot of the charge under the voltammetric curves for the oxidative (i) and reductive (ii) responses in 0.1 
M phosphate buffer at pH 2. 
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According to Figure 6.4, the oxidative and reductive charge is identical at the initial 
temperature, 10 
o
C, as expected. However, with increasing temperature the oxidative 
charge becomes increasingly greater than the reductive charge. Upon cooling the 
system, the difference of approximately 1 µC remains constant. 
 
6.4.4 pH Dependence 
The pH dependence was investigated at different temperatures. The initial CVs 
resemble those observed for the same system at room temperature (see Chapter 5, 
Figure 5.5). The characteristic shift in midpoint potential and a widening of the peak-to-
peak separation in more acidic media were once again observed. Also, the  Emid value  
shifted by approximately 60 mV per pH unit, consistent with that expected for a two-
electron two-proton reduction and is in agreement with the data obtained in Chapter 5.[17] 
When the temperature of the system was increased from 10 
o
C to 55 
o
C, the oxidation 
peaks in pH 2 and 7 buffer shifted slightly towards more negative Emid values. This 
indicated that the oxidation of the system became more facile at elevated temperature, 
see Figure 6.5. The reduction peak at pH 7 remained relatively unchanged, whereas the 
reduction signal at pH 2 shifted slightly towards a more positive Emid value; therefore 
reducing the peak-to-peak separation. For the system in pH 12 phosphate buffer, the 
process was more complex, the oxidation peak decreased dramatically and split into two 
separate signals, likely due to two slower 1 e
-
 processes occurring rather than a 
concerted 2 e
-
 mechanism. The reduction signal at pH 12 also became less intense but 
broadened, indicating the emergence of a second signal. The capacitive response at 
55 
o
C was also greater in this instance, which could be masking some of the faradaic 
response.  
When the system is cooled back to 10 
o
C, the pH 2 buffered film signals return almost 
to the same positions as the initial temperature. The oxidation signal moves towards a 
more positive potential. It also is more intense compared to the original signal, which 
implies that there is less diffusion control and that the conducting carbon nanoparticles 
are more condensed and in closer proximity to the coenzyme Q10 after the heating and 
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cooling process. The reduction signal is almost unchanged; however, it appears slightly 
broader and suggests more coenzyme Q10 is available for reduction and that some may 
have been released from aggregates within the phase change processes. The pH 7 
system behaves very differently; the oxidation peaks shifts to more positive potential 
and results in a higher oxidation potential than the original system. Conversely, the 
reductive signal moves even more towards a negative potential, the result of this is a 
much greater Emid, than the initial and high temperature systems. This suggests that the 
electrochemical reversibility of coenzyme Q10 is reduced and is further evidence that 
system is converting to a 1 e
-
 process. At pH 12, there are two distinct faradaic 
oxidation signals; however, they are very weak and suggest that under such conditions 
the coenzyme Q10 is degraded.  
 
 
Figure 6.5 Cyclic voltammograms for CNP-Q10-DMPC modified electrodes recorded with a scan rate of 100 mV s
-1 
at (a) the starting temperature, 10oC, (b) the maximum temperature, 55oC, and (c) the final temperature, 10oC after 
heating and re-cooling in 0.1 M phosphate buffer solution at a pH value of (i) 12, (ii) 7, and (iii) 2. 
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Overall, there is a clear dependence on the pH of the system; however, the temperature 
change at these different pH values causes complex electrochemical changes, which 
would need to be investigated in more detail for clear understanding of such processes.  
 
6.4.5 The Effect of Different Amounts of CNPs in the Composite Film 
The effect of carbon loading was studied by investigating films containing DMPC, 
coenzyme Q10, and modified CNPs as well as films containing only half the proportion 
of CNPs (i.e., 7.5 mg instead of 15 mg; see the experimental section), also films 
containing only DMPC lipid and coenzyme Q10 were studied, that is, in the absence of 
CNPs. As expected, the signal intensity decreased with decreasing amounts of carbon in 
the composite films, which is associated with a lower accessible and active surface area.   
 
 
Figure 6.6 Cyclic voltammograms for CNP-Q10-DMPC modified electrodes in pH 2 0.1 M phosphate buffer solution 
with a scan rate of 100 mV s-1 at (a) the starting temperature, 10oC, (b) the maximum temperature, 55oC, and (c) the 
final temperature, 10oC after heating and re-cooling with (i) full carbon loading, (ii) half CNPs, and (iii) no CNPs. 
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Without any carbon, the peak positions are unchanged. The positions of the peaks were 
relatively unchanged with the different carbon loading; however, it is interesting to note 
that the effect of temperature on the film containing no CNPs was much less significant 
than for films containing carbon. This indicates that the temperature is more influential 
on the composites containing carbon, which could be attributed to localised heating 
around the carbon particles leading to greater effects on the gel-fluid transition and thus 
affecting the redox mechanism to a greater extent.  
 
6.4.6 Monitoring Phase Transitions in the Film by Using DSC 
DSC experiments were performed on the composite material. Films of CNP-DMPC-Q10 
were prepared on glass microscope slides and then removed by scraping to yield a solid 
composite sample for DSC measurements. The results, as shown in Figure 6.7, 
demonstrated a phase transition at 24.17 
o
C upon heating. This is consistent with the 
voltammetry-indicated phase change of the system in pH 7 buffer. 
 
 
Figure 6.7. DSC trace for the CNP-DMPC-Q10 composite film when heating from 10 to 50 
oC. 
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This demonstrates that the phase change detected in the CV measurements is genuine; 
however, the pH value is demonstrated to have a clear effect on the behaviour of the 
system. Therefore, further DSC experiments are required for further insight into the 
phase transformations of the lipid-based films, which should enable the clarification and 
understanding of the mechanisms occurring within the lipid films on the electrode.  
 
6.5 Conclusions  
This work has demonstrated that temperature plays an important role in the behaviours 
of lipid-based electrochemistry. By using a CNP-DMPC-Q10 composite, the effects of 
temperature and pH were studied. The temperature induces a phase change in the lipid 
structure at a gel-fluid transition point, this was observed electrochemically through a 
step change in the peak current. This was most prominent in the system at pH 7, in 
which the phase transformation occurred between 24 and 25 
o
C. This was confirmed by 
DSC, in which there was a very clear phase change at 24.17 
o
C. However, the effect of 
pH was not considered in the DSC analysis and further experiments are being 
performed to further understand these processes.  
At different pH values, the temperature effects change; this is associated with a change 
in mechanism under the different conditions. It is theorised that this change in 
mechanism is influenced by the lipid structure, which is shown to be dependent upon 
the environment in which it is in.   
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7.1 Abstract 
A fluorescent N,O-heteroatom-rich carbon nanomaterial (C-dot) has been synthesized and 
characterized. These C-dots were produced by hydrothermal synthesis from poly-(4-
vinylpyridine) [P4VP] and have a particle size between 10 and 100 nm in diameter. The 
particles exhibit strong fluorescent properties in different solvents and have also been 
investigated in cell culture medium. The P4VP C-dots retain their intrinsic fluorescence in 
a cellular environment and exhibit an excited state lifetime of 2.1 ± 0.9 ns in cell culture 
medium. The P4VP C-dots enter HeLa cells and do not cause significant damage to outer 
cell membranes, providing excellent scope for designing new nanomedicines as well as 
non-toxic fluorescent synthetic scaffolds for imaging applications such as scaffolds for 
drug delivery materials. 
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7.2 Introduction 
Carbon nanomaterials including fullerenes, carbon nanotubes (CNTs), nanodiamonds, and 
graphene have attracted increasing interest over the past decade because of their unique 
properties such as large surface area, multiple adsorption sites, and large number of 
reactive surface sites.[1] Carbon nanodots (C-dots) are carbon-based nanomaterials that 
were first isolated in 2004 by Xu et al. serendipitously when purifying single wall CNTs 
(SWNTs) prepared by using arc-discharge methods.[2] C-dots are nanocarbons that 
comprise discrete nanoparticles with diameters of approximately 10 nm, which exhibit 
intrinsic fluorescent properties.[3, 4]   
Following the first isolation of C-dots in 2004, a significant number of approaches for the 
synthesis of such materials have been developed and reported.[5, 6] These methods include 
top-down methods such as arc-discharge,[2] electrochemical synthesis,[7-10] and laser 
ablation.[11-13] Such top-down methods involve breaking down large carbonaceous 
materials into nano-sized carbon. Alternatively, bottom-up methods, which involve the 
formation of C-dots from molecular precursors, have also been reported. These techniques 
include the use of synthetic supports,[3, 14] microwave methods,[15] combustion,[16, 17] 
and hydrothermal techniques (such as those discussed in Chapter 1).[3, 4, 18] 
One of the major characteristics of C-dots is that they possess intrinsic luminescent 
properties, this attribute enables C-dots to be potential alternatives to quantum dots 
(QDs).[19] QDs are metal-based fluorescent semiconductor nanomaterials, which are 
frequently used for bioimaging studies, in-vivo sensing as well as in photovoltaic 
applications; however, QDs are inherently toxic towards living cells.[10, 20] Because of 
the severe environmental and biological hazards that QDs threaten, C-dots are a promising 
alternative as they are considerably less hazardous to the environment and are 
comparatively low cost.[21] One of the major drawbacks to using C-dots as a replacement 
for QDs is that C-dots do not possess quantum yields of the same magnitude. However, C-
dots have lower cytotoxicity and are far more biocompatible in comparison to QDs, 
making them a favourable alternative. 
This chapter demonstrates a simple hydrothermal method for the synthesis of fluorescent 
P4VP C-dots from poly-(4-vinylpyridine). The amorphous P4VP C-dots show strong 
fluorescent properties that are superior to the fluorescence of the parent polymer; this is 
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likely to be due to the quantum size of the nanodots produced. The fluorescence is weakly 
pH and strongly solvent dependent. Herein, the potential of P4VP C-dots to be used in 
bioimaging applications is explored. The P4VP C-dots show apparent biocompatibility, as 
demonstrated by using confocal fluorescence imaging and fluorescence lifetime imaging 
(FLIM) techniques. The excited-state fluorescence lifetime of the C-dots is estimated in 
cellular media (EMEM, Eagle’s Modified Essential Medium) and compared to the 
corresponding lifetime in organic solvent (DMSO). The images obtained indicate that the 
nanoparticles are not affected by the change in their chemical environment. Even without 
any further surface functionalization, the most highly dispersed P4VP C-dots show 
intrinsic fluorescence and are visualized by confocal fluorescence microscopy, the C-dots 
are shown to bind to the exterior of the cells without causing any significant damage to the 
outer cell membrane within the timescale of the cellular imaging experiments (1 h).  
 
7.3 Experimental Section 
7.3.1 Reagents  
All reagents were used as supplied, without further purification: P4VP, typical Mw 60,000 
(Aldrich), acetic acid (Aldrich, 99.7 %, ACS reagent), absolute EtOH (Sigma-Aldrich), 
DMSO (Sigma-Aldrich, >99.5 %), ortho-phosphoric acid (Fisher Scientific), NaOH 
(Aldrich, Sigma ultra, 98 %). Demineralized and filtered water was obtained from a 
Thermo Scientific water purification system (Barnstead Nanopure) with no less than 18.2 
MΩ resistivity. 
 
7.3.2 Instrumentation  
X-ray photoelectron spectroscopy (XPS) was conducted using an Al Kα X-ray anode using 
an energy of 1486.6 eV. All peaks were calibrated to the adventitious C1s peak (i.e., to 
285 eV). Zeta potential and particle size measurements were achieved by using a 
ZetaMaster S (Malvern Instruments Ltd, UK). Particle size measurements were validated 
with NIST traceable nanobeadsTM, a polystyrene polymer size standard (220 ± 6 nm, 
Polysciences Inc., Warrington, UK). To verify the zeta potential measurements, zeta 
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potential transfer standard (-50 mV ± 5, Malvern Instruments Ltd, UK) was used. Each 
measurement took approximately 30 s and this was repeated ten times for each sample, the 
average reading was quoted. The data were recorded using ZetaMaster S standard software 
PCS v1.41.  
The zeta potential is a physical property that is exhibited by any particles in a suspension, 
and it is a measure of the magnitude of charge repulsion or attraction between particles 
(i.e., the magnitude of electrostatic interactions). This property influences the stability of 
particles in a colloidal suspension, and the measurement of the zeta potential gives insight 
into the causes of dispersion, aggregation, and flocculation. In aqueous media, the pH is 
generally one of the most important factors that affect the zeta potential. If a colloidal 
particle has a negative zeta potential and the pH of the solution is made more alkaline, then 
that particle tends to accumulate more negative charge; however, if the solution is made 
more acidic, that negative charge can be neutralised. If there is a further addition of acid to 
the solution, the particle can accumulate a positive charge; therefore, a plot of zeta 
potential versus pH can be obtained, see Figure 7.1. If the plot passes through zero, that is, 
the point of zero charge (PZC) or the isoelectric point, then this is the pH at which the 
colloidal system is least stable. Generally, it is assumed that a colloidal suspension is 
unstable with a zeta potential between -30 and 30 mV, at potentials either side of these 
values, the system is thought to be stable. 
 
 
Figure 7.1. Illustration to show how the zeta potential can change as a function of pH 
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UV/Vis spectra were obtained on a Lambda 20 UV/Vis spectrometer (PerkinElmer, USA) 
with UV Winlab version 2.70.01 software. Fluorescence measurements were recorded by 
using either a fluoroSENS fluorimeter (Gilden Photonics, UK) with fluoroSENS system 
software version 1.88.7, or an LS50b luminescence spectrometer (Perkin Elmer, USA) 
with FL Winlab version 4.00.02 software. Fourier-transform infrared (FTIR) spectra were 
recorded on a Spectrum 100 FTIR-Spectrometer (PerkinElmer, USA) using Spectrum 
Express software. A JEM1200EXII (JEOL, Japan) transmission electron microscope 
(TEM) was used for imaging the P4VP starting material and P4VP C-dots. 
 
 
Figure 7.2. Single photon fluorescence spectrum with an excitation wavelength of 488 nm for 1 mg mL-1 P4VP C-dots 
in DMSO 
 
For bioimaging studies, a multiphoton excitation technique was used. Laser light with a 
wavelength of 488 nm (see Figure 7.2 for the single photon fluorescence at λex = 488 nm) 
was obtained from an optical parametric oscillator pumped by a pulsed mode-locked 
titanium sapphire laser (Mira F900, Coherent Inc. Lasers, US) that produced 180 
femtosecond pulses at 75 MHz. This in turn was pumped by a solid-state continuous wave 
532 nm laser (Verdi V8, Coherent Inc. Lasers, US). The oscillator’s fundamental output of 
910 ± 2 nm was also used for the multiphoton excitation. The laser beam was focused onto 
a diffraction-limited spot through a high numerical aperture (1.2) microscope objective, 
Nikon Corporation, Japan). Samples were illuminated at the stage of an inverted 
microscope (Nikon TE2000-U). An X-Y galvanometer (CGS Lumonics, US) was used to 
raster scan the focused laser spot for imaging. Fluorescence emission data were generated 
without de-scanning, therefore bypassing the scanning system and passing through a BG39 
coloured glass optical filter, and the signals were detected with an external fast 
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microchannel plate photomultiplier tube (R3809-U, Hamamatsu, Japan). The components 
were linked through a Time-Correlated Single Photon Counting (TCSPC) module 
(SPC830, Becker & Hickl GmbH, Berlin). 
Fluorescence lifetime measurements were recorded by using a TCSPC (Becker & Hickl 
GmbH, Berlin) following excitation at a wavelength of 910 ± 2 nm, with emissions at 360-
580 nm when the P4VP C-dots were dispersed in 1: 99 DMSO: EMEM. Emission spectra 
data were obtained with an Acton Research Component 275 Spectrograph (Princeton 
Instruments, US) and an Andor iDus 420-BU CCD camera (Andor Technology, Belfast). 
Lifetime calculations were carried out using Becker & Hickl SPCImage Analysis software. 
 
7.3.3 Procedure: Hydrothermal Synthesis 
P4VP (400 mg) was dissolved by sonication in 1 mM acetic acid (20 mL) for 30 minutes. 
The solution was transferred into a 125 mL high pressure vessel (Parr Instrument 
Company) and heated at 200 
o
C for 12 h. The dark solid was removed by filtration and 
copiously washed with water. The solid was dissolved in EtOH and dried in vacuo to give 
a shiny brown solid (47 % yield, elemental analysis C7H7.25NO0.5) that was collected and 
characterized by XPS, TEM, zeta potential measurements, IR, UV/Vis spectroscopy, and 
fluorescence experiments. The theorised reaction scheme is shown in Figure 7.3 and a 
photograph before and after carbonisation is shown in Figure 7.4. 
 
 
Figure 7.3. Reaction of P4VP showing a schematic of the C-dots with the expected surface functionality. 
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Figure 7.4. Photograph of the white P4VP starting material and the post-carbonisation P4VP C-dots product. 
 
7.4 Results and Discussion 
A TEM image of the P4VP C-dots after hydrothermal synthesis is shown in Figure 7.5(a); 
these can be considered more accurately as polymer aggregates containing carbonised C-
dots. The P4VP polymeric starting material showed large globular structures; however, 
post-synthesis the P4VP has formed discrete nanoparticles within a globular matrix. The 
polymer aggregates containing C-dots (P4VP C-dots) have a reasonably broad size 
distribution of centred around 20 nm, with many larger discrete particles having a diameter 
of approximately 100 nm, see Figure 7.5(b).  
 
 
Figure 7.5. TEM images of (a) P4VP C-dots shown to be encased in uncarbonised P4VP polymer (scale bar 50 nm) and 
(b) individual P4VP C-dot (scale bar 100 nm) from a dispersion in water evaporated onto Lacey carbon TEM grids. 
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The starting P4VP polymer and the carbonized P4VP C-dots were examined using surface 
XPS, Figure 7.6. The P4VP starting material showed a single N1s peak with a binding 
energy of 398.8 eV, this is consistent with sp
2
 hybridized nitrogen in the pyridine rings. 
The C1s signal was deconvoluted into two peaks associated with C-C/C-H-adventitious 
carbon (285.0 eV) and C-N from the pyridine functionality (286.0 eV). In addition to this, 
a C1s “shake-up” peak was observed at 292.0 eV. This signal is consistent with 
photoelectrons interacting with π-π* transitions associated with the aromatic pyridine ring 
systems.[22] There is also a signal of weak intensity corresponding to O1s at binding 
energy 231.8 eV and this is thought to be due to slow oxidation of the polymer surface due 
to ageing.  
 
 
 
 
Figure 7.6. XPS data for P4VP starting material (a) C1s (b) N1s (c) O1s and P4VP C-dots (d) C1s (e) N1s (f) O1s 
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In comparison to the starting material XPS data, the carbonized P4VP C-dots show many 
similarities. The intensity of the N1s signal has a high N1s/C1s ratio (0.10) indicating that 
this sample has a photoelectron signal intensity close to that of the P4VP polymeric 
starting material. Also, the N1s peak at 398.2 eV and C1s and C1s “shake up” peaks are of 
similar binding energies to that observed for the P4VP starting material. The main 
difference between the two samples can be seen when examining the O1s signals. For the 
starting material, a weak single signal is seen at 531.8 eV, probably due to slow oxidation 
of the compound surface by ageing. Also, the carbonized P4VP C-dots showed a strong 
signal that could be resolved into two peaks of binding energies 531.6 and 533.3 eV, which 
are due to carbonyl and carboxyl oxygen, respectively.[23] This is thought to be due to 
oxidation/hydrolysis processes that occur during the hydrothermal carbonization of the 
material.  
From the XPS analysis, it is clear that the synthesized material contained much of the 
starting material functionality as well as new oxygen functionalities, indicating the 
likelihood that carboxylic groups decorate the P4VP C-dot materials that have been 
synthesized.  Thus, the P4VP C-dots still possessed important pyridine functionality after 
the hydrothermal treatment; this retention of functionality demonstrates that the original 
fluorescence properties should be maintained and the enhancement of such properties is 
likely attributed to the quantum size of the C-dots.   
The FTIR spectrum of the synthesized P4VP C-dots is shown in Figure 7.7. A broad peak 
is seen at 3300 cm
-1
 ascribed (in comparison to the P4VP starting material) to an N-H 
stretch of the protonated pyridinium ring. The adsorption bands at 3030 and 2920 cm
-1
 are 
characteristic of the aromatic C-H stretching vibrations of the CH2 groups in the pyridine 
ring and the asymmetric vibrations of the CH2 groups, respectively. A peak was observed 
at 1650 cm
-1
 due to the N-H bending.  
A small C=O peak was also observed at approximately 1700 cm
-1
 which was absent from 
the starting material. This is only a small peak as it is likely that only some of the outer 
surface had become oxidized using the hydrothermal conversion, the core material could 
still resemble the P4VP polymeric starting material, as confirmed by elemental analysis 
(P4VP C7H7N and C-dots C7H7.25NO0.5). Most importantly, there was a very sharp, strong 
band observed at 1600 cm
-1
 that is characteristic of the stretching vibrations in the pyridine 
ring. This demonstrates that the pyridine functionality has been retained during the 
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carbonization process. Adsorption bands between 1220 and 880 cm
-1
 can be attributed to 
the amine C-N stretch and the peak at 820 cm
-1
 is indicative of pyridine ring out-of-plane 
bending. The FTIR confirms that the main functional groups of the starting material remain 
intact with addition carbonyl and oxygen functionalities being introduced upon 
carbonisation. Therefore, the fluorescence can be attributed to the P4VP starting material, 
which is enhanced upon carbonisation due to the formation of materials on the nanoscale.  
 
 
Figure 7.7. Solid state FTIR spectrum for P4VP C-dots 
 
The zeta potential, Figure 7.8, was measured for the P4VP C-dots as a function of pH. A 
solution of P4VP C-dots was prepared in DMSO and then diluted to a concentration of 1 
µg mL
-1
 with 0.1 M phosphate buffer at different pH values at a ratio of 50:50 DMSO: 
buffer. This ratio of buffer to DMSO was used to maintain solubility, but also to observe 
the trends as a function of pH; when more DMSO was used, there was no effect of buffer 
pH value observed. It is likely that there could be a more dramatic change with pH if less 
DMSO was used; however, this was not practically possible due to precipitation.  
The zeta potential across a pH range from 2 to 12 was relatively constant at approximately 
-7 ± 2 mV. This value suggests a dominating effect of carboxylates on the zeta 
potential.[24] Zeta measurements indicated that the isoelectric point of the P4VP C-dots 
occurred at approximately pH 2. However, over the entire pH range, the P4VP C-dots in 
DMSO/buffer were relatively unstable and formed aggregates, presumably because of the 
low zeta potential.  
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Figure 7.8. Zeta potential versus pH for P4VP C-dots in 50:50 DMSO: 0.1 M phosphate buffer 
 
UV/Vis measurements of 1 mg mL
-1
 P4VP C-dots in DMSO showed a peak at 350 nm, 
Figure 7.9(b). This correlated well with a 3-dimensional map of excitation wavelength 
versus emission wavelength for the same sample, as shown in Figure 7.9(a). The 3-D 
contour map clearly shows that the greatest emission was observed at 410 nm with an 
excitation wavelength of 350 nm.  
 
 
 
Figure 7.9. Fluorescence mapping (a) and UV/Vis spectrum (b) for P4VP C-dots in DMSO (1 mg mL-1) showing that 
the maximum emission (at 410 nm) is observed when the excitation wavelength is 350 nm in agreement with the 
maximum UV/Vis absorbance. 
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 The relative quantum yield (QY) of the P4VP C-dots in DMSO was determined by 
comparison to a [Ru(bipy)3](PF6)2 standard in water with a known quantum yield of 4.2% 
following Equation (7.1), where Φ is the relative quantum yield, D is the integrated area of 
fluorescence emission peak, A is the absorbance at the excitation wavelength, I is the flux 
at the excitation wavelength and η is refractive index (subscript R and S refer to the 
reference and the sample, respectively).  
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The P4VP C-dots in DMSO exhibited a QY of approximately 3 % at an excitation 
wavelength of 350 nm. The quantum yield of the most of C-dots is below 1 % and not to 
the magnitude of QDs; however, this simple and effective method which requires minimal 
work up, results in improved QY without the need for surface passivation.[8, 16, 25]  
The effect that different solvents had on the fluorescence emission was investigated as 
shown in Figure 7.10. By comparing DMSO; a polar aprotic solvent, with EtOH and 
chloroform, polar protic and non-polar respectively; a clear shift in the maximum 
fluorescence intensity was observed. Once the fluorophore has been excited to the first 
excited state, the fluorophore begins to lose vibrational energy to the solvent molecules as 
relaxation from higher to lower energy levels occurs. The surrounding solvent molecules 
assist with the stabilization process and the more polar the solvent; the further the energy 
level of the excited state is lowered. This is because of solvent relaxation caused by the re-
orientation of solvent molecules around the fluorophore for the re-alignment of the dipole 
moments. Thus, with more polar solvents further decreasing the energy level of the 
solvent-relaxed state, there is a smaller separation between the ground state and the excited 
state. A lower energy separation results in a shift to longer wavelengths of the fluorescence 
emission, known as the bathochromic shift.[26, 27] In the case of the P4VP C-dots, the 
bathochromic shift was due to the stabilization of the excited state fluorophore in more 
polar solvents, i.e., in DMSO. Therefore, a shift of 11 nm (0.084 eV) was observed when 
changing from chloroform to EtOH and a shift of 20 nm (0.15 eV) was observed when the 
solvent was changed from chloroform to DMSO. 
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Figure 7.10. (a) Fluorescence emission spectra at an excitation wavelength of 350 nm for 1 mg mL-1 P4VP in (i) 
chloroform (ii) ethanol and (iii) DMSO (b) A plot of the emission wavelength for the maximum fluorescence intensity 
versus the polarity index of the solvent.[28] 
 
The pH effect on the fluorescence was investigated and minor changes in the maximum 
wavelength were observed [see Figure 7.11(a)]. There was a slight decrease in intensity of 
the signal (more dramatic with less DMSO), which is likely to have been caused by the 
colloidal material becoming less stabilized in phosphate buffer at pH 12. It was observed 
that the maximum of the emission shifted by 5 nm between pH 2 and pH 7, and a further 5 
nm when the pH was adjusted from 7 to pH 12, averaging 1 nm per pH unit. In summary, 
there appears only to be a small effect of pH (e.g. no pyridine/pyridinium equilibrium), 
possibly due to the chromophore being buried in the particle core. 
Three-dimensional fluorescence mapping of the C-dots revealed further information at 
different pH. At pH 2 there was one significant correlation observed consistent with the 
previous data, that the maximum intensity was observed at an emission wavelength of 410 
nm when excited at 350 nm, see Figure 7.11(b). When the pH was increased, additional 
excitation/emission signals were seen. At pH 7, there was one additional peak at an 
excitation wavelength of 320 nm with a corresponding emission at 380 nm [Figure 
7.11(c)]. At pH 12 [Figure 7.11(d)], there were a large number of additional signals (λex = 
320, λem = 380; λex = 350, λem = 410; λex = 370, λem = 470; λex = 380, λem = 480; λex = 390, 
λem = 490; λex = 400, λem = 510).   
144 
 
 
Figure 7.11. Single photon fluorescence spectra in 50:50 DMSO:0.1M phosphate buffer solution (a) at λex = 350 nm (i) 
pH 2 (ii), pH 7, and (iii) pH 12; 3D fluorescence map pH 2 (b) pH 7 (c), and pH 12 (d) 
 
The fluorescence map of the parent starting material is shown in Figure 7.12, this shows 
that the parent material displays a similar mechanism both before and after hydrothermal 
conversion. Much of this is probably due to the fact that the P4VP C-dots are contained 
within the polymer matrix, i.e., the some of the starting polymer remains in the product. 
The intensity of the emission signal at 410 nm in the post-carbonisation material indicates 
that there has been an enhancement due to the formation of particles with a quantum size. 
This also proves that the main fluorophore is most likely to be the pyridine units and this 
provides further evidence to support the presence of intact pyridine species post-
hydrothermal treatment. The fluorescence mapping at different pH values reveals a 
complex behaviour of the P4VP and indicates that protonation of the pyridine functionality 
is likely to result in different fluorophore behaviour, also at pH 12, there is some indication 
that the quantum material is broken down as the 3D map begins to resemble to starting 
material spectrum. 
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Figure 7.12. 3D fluorescence map of the P4VP polymeric starting material dissolved in EtOH at 1 mg mL-1 
 
The fluorescence was extended from single photon to two photon excitation. Two photon 
fluorescence data are given in Figure 7.13(b) [at λex = 910 nm; the corresponding single 
photon spectrum, λex = 455 nm, is shown in Figure 7.13(a)]. The observed short lived 
component of a two component lifetime may be due to aggregation of the sample (ps order 
lifetime). A good fit, with a χ2 value of 1.37, was obtained for two exponential component 
analysis of the decay data, see Figure 7.13(c). The two-component exponential fit gave a 
pre-exponential factor of 49 % with a lifetime of 1.24 ns and 51 % with a lifetime of 
4.67 ns. 
 
 
Figure 7.13. Single photon fluorescence emission spectra at excitation wavelength at excitation wavelength 455 nm (a), 
(c) two photon fluorescence spectrum at excitation wavelength 910 nm (b)  and the corresponding fluorescence decay 
trace (c) for 1 mg mL-1 P4VP C-dots in DMSO. 
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Confocal fluorescence imaging, coupled with fluorescence lifetime imaging microscopy 
(FLIM) following multiphoton excitation with near infrared (NIR) femtosecond laser 
pulses are widely used in the study of small molecule fluorophores particularly for in vitro 
imaging studies.[29-32] To date, FLIM has been used primarily on common fluorescent 
dyes (e.g., green fluorescent protein (GFP)-tagged proteins, fluorescein-based derivatives 
as well as indole containing compounds).[33-35] Recent studies have explored lifetime 
imaging of fluorescent CNT complexes which permitted, for the first time, to probe 
functional carbon nanomaterials’ integrity in a cellular environment.[36] The combination 
of two-photon excitation with FLIM allows the use of NIR light to provide deeper tissue 
penetration, reduced cellular cytotoxicity and scattering, and improved signal detection 
since the standard photomultiplier tube used as detectors are less sensitive above 850nm. 
By exploiting the sensitivity of lifetime measurements, which are independent of intensity, 
excited state lifetime measurements were used to provide a method for studying the 
integrity of newly synthesized P4VP C-dots in cellular media. This could open up new 
vistas for the design and spectroscopic investigation of such new carbon nanomaterials 
with light emitting properties as synthetic scaffolds for future drug delivery materials.   
Control cell viability studies were performed by using 1:99 DMSO/EMEM to ensure that 
the cells could survive the presence of DMSO. Often, DMSO is used as an aid for 
penetrative drug delivery methods because DMSO can easily penetrate cell 
membranes.[37, 38] It has also been demonstrated that the presence of DMSO can enhance 
the cytotoxicity of some drugs, such as cisplatin, by breaking down the cell membrane and 
encouraging cell death.[39-41] However, at low concentrations, DMSO has also been 
shown to be biocompatible and can be used without destroying the integrity of the cell 
membrane.[41-43] Despite the adverse effects of DMSO, by performing cell viability 
studies for 15 and 60 minutes, it was proven that at 1:99 DMSO/EMEM, the cells were 
living and the cell membranes were intact. 
High-resolution confocal imaging under single-photon (405, 488 and 543 nm) or two-
photon excitation (910 nm), using a mode-locked Ti-sapphire laser, generated images of 
the dispersed P4VP C-dots in cellular media by the raster scanning of the laser spot in the 
xy plane (Figure 7.14). Two-photon fluorescence imaging and emission lifetime 
measurements were carried out using FLIM in the presence of HeLa cell lines for the 
P4VP C-dots. Single photon laser scanning confocal fluorescence imaging showed that the 
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nanoparticles retained their intrinsic fluorescence emission under single photon excitation 
(λex 405, 488 and 543 nm) in the presence of cells. 
 
 
Figure 7.14. Single Photon laser scanning confocal imaging of HeLa cells incubated at 37oC for 1 h in 1: 99 
DMSO/EMEM for (a) control (scale bar 20 pm) and (b) P4VP  C-dots, λex = 405 nm (scale bar 50 pm), (c) control (scale 
bar 20 pm) and (d) P4VP C-dots, λex = 488 nm (scale bar 50 pm), (e) control (scale bar 20 pm) and (f) P4VP C-dots, λex = 
543 nm (scale bar 50 pm) (i) brightfield microscopy image (ii) blue channel (450-435 nm) (iii) green channel (515-530 
nm) (iv) red channel (605-675 nm) and (v) overlay of (i) – (iv) images. These are raw unprocessed images, visualized 
with NISlight (Nikon). 
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The control experiments showed weak fluorescence intensity assignable to the cells 
autofluorescence when excited at 405 nm. At this wavelength the fluorescence from the C-
dot is just above the autofluorescence background. However, at the 543 nm excitation 
Figure 7.14(f) clearly shows higher signal intensity with respect to the background 
autofluorescence. The intensity of this emission in the presence of HeLa cells compares 
well with standard organic dyes such as Hoechst under similar imaging assays (Figure 
7.15).  
 
 
 
Figure 7.15. Single photon confocal images of HeLa cells incubated at 37oC in 1: 99 DMSO: EMEM with Hoechst dye 
(a) brightfield microscopy image, (b) blue channel (450 – 435 nm), (c) green channel (515 – 530 nm), (d) red channel 
(605 – 675 nm) and (e) overlay of images (a) – (d). 
 
 
To further probe the potential of P4VP C-dots as nanomedicines, or as a synthetic scaffold 
for future applications as traceable imaging probes inside living cells; two-photon emission 
decay lifetime spectroscopy was applied. Firstly, spectra were recorded following pulsed 
laser excitation (λex = 910 nm in DMSO). DMSO was selected as the solvent of choice as 
the P4VP C-dots showed minimum scattering due to aggregation within the experimental 
timescale in this solvent and due to its low volatility. Secondly, excited state lifetimes were 
recorded by using time-correlated single photon counting with a less than 40 ps 
instrument-response function. Furthermore, to verify whether the new materials remain 
stable in vitro with respect to decomposition, fluorescence emission lifetime measurements 
were carried out using two-photon FLIM in the presence of HeLa cell lines (1 h incubation, 
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37
o
C, using 910 nm excitation wavelength from a mode locked Mira Ti-sapphire laser, 
180 fs pulse, 75 MHz).  
 
 
 
Figure 7.16. Two-photon confocal fluorescence (λex = 910 nm) intensity image (a), lifetime mapping (b), corresponding 
lifetime distribution curve (c) and fluorescence decay trace (d) for P4VP C-dots in DMSO/EMEM 1:99. 
 
In both systems (solution experiments in DMSO versus in vitro imaging in the presence of 
HeLa cells) these nanoparticles exhibited strong fluorescence emission with more than one 
lifetime component: calculations (SPC Image analysis software) indicated a long 
component on the order of several nanoseconds (2.2 ns, 13 %) for highly dispersed 
particles and a much shorter component on the order of several hundred picoseconds (0.14 
ps, 87 %) for aggregated P4VP C-dots. The P4VP C-dots of the greatest interest, those that 
are highly dispersed, have an average lifetime of 2.1 ± 0.9 ns at full width half height 
(FWHH), see Figure 7.16. 
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Figure 7.17. Two-photon confocal fluorescence (λex = 910 nm)  for P4VP C-dots in 1:99 DMSO: EMEM after incubation 
for 15 minutes; intensity image in cell membrane (a), in cell medium (d) and inside the cell (g); lifetime mapping in cell 
membrane (b), in cell medium (e), and inside the cell (h);  fluorescence decay in cell membrane (c), in cell medium (f) 
,and inside the cell (i) 
 
To study the effect that the P4VP C-dots had on HeLa cells, the fluorescence data was 
obtained after both 15 minutes and 1 hour. After 15 minutes incubation, the P4VP CNPs 
were seen in the cell medium, in cell membranes, and inside the cells, see Figure 7.17. For 
each different environment the nanoparticles exhibited strong fluorescence emission with 
two lifetime components. Calculations (SPC Image analysis software) indicated a long 
component of several nanoseconds for highly disperesed CNPs and a very short component 
on the order of several picoseconds, see Table 7.1.  
 
Table 7.1. Two photon lifetime decays: χ2 values and lifetimes of P4VP CNPs in 1: 99 DMSO: EMEM after incubation 
for 15 minutes at 37oC 
CNP location Χ2 
 
Long lifetime 
component (ns) 
Short lifetime 
component (ps) 
Cell membrane 1.07 2.44 (14.3 %) 175 (85.7 %) 
Cell medium 1.01 2.80 (10.3 %) 150 (89.7 %) 
Inside cell 1.11 2.16 (12.7 %) 143 (87.3 %) 
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After 1 hour incubation at 37
o
C, the P4VP CNPs were once again seen in the cell medium, 
cell membranes, and inside the cells. Compared to the same images after 15 minutes 
(Figure 7.17), the aggregations were larger but also more nanoparticles were seen to have 
entered the cells and bound to the cell memberanes, see Figure 7.18. 
 
 
Figure 7.18. Two-photon confocal fluorescence (λex = 910 nm)  for P4VP C-dots in 1:99 DMSO: EMEM after incubation 
for 1 hour; intensity image in cell membrane (a), in cell medium (d) and inside the cell (g); lifetime mapping in cell 
membrane (b), in cell medium (e), and inside the cell (h);  fluorescence decay in cell membrane (c), in cell medium (f), 
and inside the cell (i) 
 
For each different environment the nanoparticles exhibited strong fluorescence emission 
with three lifetime components, the extra component is likely to be due to conformational 
changes and interactions that occur within cells. Calculations (SPC Image analysis 
software) indicated a long component of several nanoseconds for highly disperesed CNPs, 
a short component on the order of several hundreds of picoseconds and an extremely short 
component in the picosecond timescale, see Table 7.2.  
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Table 7.2. Two photon lifetime decays: χ2 values and lifetimes of P4VP CNPs in 1: 99 DMSO: EMEM after incubation 
for 1 hour at 37oC  
CNP location Χ2 
 
Long lifetime 
component (ns) 
Shorter lifetime 
component (ps) 
Shortest lifetime 
component (ps) 
Cell membrane 1.15 2.94 (2.3 %) 260 (14.9 %) 41 (82.7 %) 
Cell medium 1.20 2.35 (0.6 %) 286 (15.4 %) 42 (84 %) 
Inside cell 1.24 3.21 (12.9 %) 806 (30.5 %) 164 (56.6 %) 
 
 
7.5 Conclusion 
In summary, a simple hydrothermal synthesis for the formation of a novel fluorescent 
carbon nanomaterial has been developed. These new P4VP C-dots have been fully 
characterized using XPS, IR, zeta potential measurements, and TEM. The amorphous 
P4VP C-dots exhibit strong fluorescent properties that show only weak pH and solvent 
dependency in single photon fluorescence experiments. Finally, the potential for bio-
imaging applications has been investigated. The P4VP C-dots retain their intrinsic 
fluorescence in cell medium and the most highly dispersed particles were seen to enter 
HeLa cells without causing significant damage to the outer cell membrane. This provides 
an excellent new and general pathway for developing non-toxic nanomedicines and novel 
synthetic scaffolds for future applications as traceable imaging probes inside living cells. 
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8.1 Abstract 
Negatively charged carbon nanoparticles (Emperor 2000, Cabot Corporation) are 
wrapped in a poly-(4-vinylpyridine) cationomer (P4VP) and hydrothermally converted 
into a pH-responsive core-shell nano-composite. The core-shell material synthesized 
with a thin shell (20-40 nm wrapped particle diameter) is water-insoluble but is readily 
dispersed into ethanol for straight forward deposition onto electrodes. Zeta-potential 
measurements suggest a point of zero charge (PZC) occurring at approximately pH 4.5 
suggesting that negative functional groups are dominating in the more alkaline range 
and positive functional groups are dominating in acidic conditions. X-ray photoelectron 
spectroscopy (XPS) data suggest carboxylate and pyridinium functional groups, which 
is confirmed by using voltammetric measurements for adsorbed cations (methylene 
blue) and adsorbed anions (indigo carmine). The specific capacitance reaches a 
maximum of 13 Fg
-1
 at the PZC, this is thought to be explained by a “double layer 
compression” effect within the nanoparticle shell. 
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8.2 Introduction 
There is a vast amount of research being performed on nanocarbons,[1-6] with a large 
emphasis on the functionalisation of such materials. Functionalised nanocarbon 
materials are readily obtained by covalent binding,[7, 8] physisorption,[9] and through 
the interaction of polymers with carbon surfaces.[10] Functionalised carbon blacks are 
used in industry [such as the phenylsulfonate-functionalised carbon nanoparticles 
(CNPs) known as Emperor 2000, which have been focused on throughout this thesis] 
and are attracting renewed attention for electrochemical systems.[11, 12] The beneficial 
aspects of these materials (large-scale accessibility, low cost, safety) outweigh the major 
disadvantage of poor chemical structure definition for electrochemical applications.[13] 
The Marken group have recently demonstrated the use of commercial carbon blacks to 
synthesise useful materials such as anthraquinone-functionalised CNPs[14] and L-dopa 
modified CNPs for gas sensing.[15]  
The hydrothermal transformation of carbon-rich precursor materials such as 
glucose,[16] starch,[17] cellulose,[18] or chitosan[19] is known to yield carbon products 
that demonstrate relatively poor electrochemical properties, which can be attributed to 
incomplete surface carbonisation because of the contact with the aqueous phase.[20] 
However, partially carbonised materials can be useful in the surface functionalisation of 
conducting substrates and the concept of simple hydrothermal wrapping was introduced, 
for example, for the synthesis of pH-responsive nanocarbon composites.[21] This 
method has also been used to modify carbon-palladium nano-composites for selective 
catalysis.[22]  
Here, the cationic P4VP polymer is used to form a shell coating in a hydrothermal 
wrapping process. Negatively charged Emperor 2000 particles are initially wrapped 
with P4VP polycation in aqueous solution before being treated under hydrothermal 
conditions at 200 
o
C, which results in a novel core-shell polymer-wrapped nano-
composite with interesting properties. The shell formed from P4VP introduces both 
anion and cation binding sites at pH values positive and negative to the PZC, 
respectively. The maximum specific capacitance of this core-shell material is observed 
at the PZC and the properties of the new core-shell material are discussed in terms of 
shell charging. 
159 
 
8.3 Experimental 
8.3.1 Chemical Reagents 
All reagents were used as supplied, without further purification: Emperor 2000 
phenylsulfonate-functionalised carbon nanoparticles (9-18 nm average diameter, Cabot 
Corporation), poly-(4-vinylpyridine) with typical Mw 60,000 (Aldrich), acetic acid 
(Aldrich, 99.7 %, ACS reagent), absolute ethanol (Sigma-Aldrich), ortho-phosphoric 
acid (Fisher Scientific), sodium hydroxide (Aldrich, Sigma ultra, 98 %), indigo carmine, 
certified (Aldrich), methylene blue, certified (Aldrich). Demineralised and filtered water 
was obtained from a Thermo Scientific water purification system (Barnstead Nanopure) 
with approximately 18.2 MΩ cm resistivity. Argon (Pureshield, BOC) was used to de-
aerate solutions prior to voltammetric studies.  
 
8.3.2 Instrumentation  
Zeta potential measurements were obtained with a ZetaMaster S (Malvern Instruments 
Ltd., UK) calibrated with zeta potential transfer standard (-50 ± 5 mV, Malvern 
Instruments Ltd., UK). The data were recorded and analysed using ZetaMaster S 
standard software PCS v1.41. X-ray photoelectron spectroscopy (XPS) was carried out 
with an Al Kα X-ray anode at 1486.6 eV. All peaks were calibrated to 285 eV, that is, 
the adventitious C1s peak. To obtain transmission electron microscopy (TEM) images, a 
JEM1200EXII (JEOL, Japan) was employed. Voltammetric studies were performed by 
using a microAutolab III potentiostat system (EcoChemie, Netherlands) with a Pt wire 
counter electrode and a KCl-saturated Calomel reference electrode (SCE, Radiometer, 
Copenhagen). A 3 mm diameter glassy carbon electrode (BAS Inc.) served as the basis 
for the working electrode. All experiments were performed at room temperature, that is, 
22 ± 2 
o
C.  
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8.3.3 Hydrothermal Synthesis of “Thin” and “Thick” Shell P4VP-
Wrapped Carbon 
The P4VP-CNP nanocomposite materials were prepared based on a reported literature 
procedure.[21] In brief, P4VP (0.1 g) was added to 2% acetic acid (18 mL) and 
dissolved by ultrasonication. Emperor 2000 CNPs (0.24 g) were then added and after 
ultrasonication for 1 h, a stable suspension was formed. The black suspension was 
transferred into a Teflon-lined high pressure reaction vessel (125 mL; Parr Instrument 
Company, US) and sealed. The vessel was placed into the oven at room temperature 
before being heated to 200 
o
C, it was maintained at this temperature for 12 h before 
cooling back to room temperature. The solid black product was collected by using 
Büchner filtration, washed copiously with water and ethanol, before drying in an 80 
o
C 
oven for 1 h. This yielded a “thin” shell nanocomposite material. For the “thick” shell 
material, the procedure was repeated with half as much carbon, that is, 0.12 g Emperor 
2000. 
 
8.3.4 Electrode Preparation 
A suspension of core-shell nanoparticles was prepared (3 mg CNPs per 1 mL ethanol, 
ultrasonicated). A carbon film was prepared by direct deposition of the ethanolic core-
shell nanoparticle suspension (typically 15 µL) onto a glassy carbon electrode; 
following solvent evaporation in air, a carbonaceous film could be seen. For 
voltammetric investigations with adsorbed dyes, the modified electrode was immersed 
into a phosphate-buffered solution of either methylene blue or indigo carmine (0.1 M) 
for 5 min to allow adsorption. The electrodes were then rinsed in fresh phosphate buffer 
solution (PBS) and dried in air before being transferred directly into aqueous electrolyte 
solution for voltammetric measurements.  
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8.4 Results and Discussion 
8.4.1 Characterisation of “Thin Shell” Core-Shell Nanoparticles 
The initial electrochemical characterisation of these new polymer-coated core-shell 
materials suggested that only the particles with a thin shell were of interest. This is 
because the materials with a thick polymer shell were electrochemically inert. 
Therefore, only the thin shell material was fully characterised in this study. TEM 
imaging demonstrated that the core-shell nanoparticles had a tendency to form 
aggregates; however, there were also a number of more disperse particles that were 
observed (see Figure 8.1). According to the TEM images, the polymer-carbon 
nanocomposite particles had diameters of approximately 20 – 40 nm (compared to 9-18 
nm for the Emperor 2000 starting material). The TEM images also showed that the 
particles had an irregular shape; the edges were not well defined, which could be 
attributed to the polymeric covering. After comparison with previous reports exhibiting 
Emperor 2000 TEM data,[21] the images obtained for the core-shell material 
demonstrated that after hydrothermal processing, the different types of carbon (core and 
shell) could  not be distinguished by using TEM. 
 
 
Figure 8.1. TEM images of hydrothermally P4VP-wrapped Emperor 2000 nanoparticle aggregates (a) and as 
dispersed particles (b)-(d); scale bar 10 nm. 
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Powder samples of P4VP-coated CNPs were analysed by XPS (see Figure 8.2) to 
characterise the surface composition of the core-shell material. Two samples of the 
nanocomposite were investigated; one sample was prewashed with 0.1 M NaOH and 
another was prewashed with 0.1 M HCl. This pre-treatment was performed to reveal 
surface functional groups by studying the material under difference pH conditions.  
The acid washed nanocomposite displayed a C1s signal that was assigned to two peaks 
associated with C-C/C-H and C-N at 285.0 and 286.4 eV, respectively [Figure 8.2(a)]. 
The S2p signal at 168.8 eV was indicative of sulfonate functionality, which was 
attributed to core Emperor 2000 material [Figure 8.2(d)].[23] The low S2p/C1s ratio 
implied that the sulfur signal was attenuated by the polymer shell; this provided further 
indication that the sulfonate was present only in the core of the material and not in the 
shell. The N1s region was deconvoluted into two chemical environments; the peak with 
lower binding energy (399.3 eV) was assigned to sp
2
 hybridized nitrogen of pyridine-
like ring systems. The peak with slightly higher binding energy (401.1 eV) was 
explained by the presence of protonated nitrogen in pyridinium systems.[24] Interaction 
between pyridinium nitrogen (cation) and chloride (anion) was confirmed by the Cl2p 
spectrum [Figure 8.2(e)]. The Cl2p peak was associated with two forms of chloride, at 
198.4 and 200.7 eV. These two peaks were not simply a doublet arising from spin-orbit 
coupling as the peak at lower binding energy would be of greater intensity.[25, 26]  
For the alkali-washed sample, the C1s and O1s spectra [see Figure 8.2(f) and (h)] were 
each deconvoluted into three environments, in each case there was an additional signal 
at higher binding energy with respect to the acid-washed sample. The higher binding 
energies were indicative of additional carbon and oxygen species being present in more 
electronegative environments, and suggested a greater carboxylate presence in the 
NaOH treated material than in the HCl treated shell. The N1s region exhibited two 
signals, as observed in the acid-washed equivalent [Figure 8.2(g)]. This suggests that 
cation-bound nitrogen was still present. The Na1s spectrum confirms the presence of 
sodium, which in NaOH would be seen at 1072.5 eV, whereas two peaks were observed 
at -1.2 eV and + 1.1 eV, relative to the expected NaOH signal [Figure 8.2(j)]. Sodium 
cations that are not involved or are only weakly involved in an ionic interaction tend to 
manifest at lower binding energies and could explain the peak seen at 1071.3 eV, which 
was attributed to weak interactions with carboxylates. The peak at 1073.6 eV was 
indicative of Na
+
 possibly interacting with nitrogen and producing quaternary nitrogen 
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species that were observed in the N1s spectrum.[27] Therefore, XPS demonstrated two 
sodium interactions neither of which was caused by residual NaOH. These interactions 
were likely occurring between carboxylate oxygen and pyridine nitrogen.  
 
 
Figure 8.2. XPS data for core-shell nanoparticles: (a) C1s, (b) N1s, (c) O1s, (d) S2p, and (e) Cl2p prewashed with 0.1 
M HCl; (f) C1s, (g) N1s, (h) O1s, (i) S2p, and (j) Na1s prewashed with 0.1 M NaOH. Binding energies adjusted to 
C1s = 285 eV. 
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XPS analysis confirmed the core-shell structure of the nanocomposite synthesised with 
an Emperor 2000 core coated with a film of carbonised P4VP. The core exhibited 
characteristic S2p peaks; however, these were low (as seen by the S2p/C1s ratio), this 
demonstrated that the sulfur signal was well-attenuated by the polymer shell. In each 
case, the pyridine functionality was retained and this was demonstrated by ionic 
interactions. The N1s/C1s ratio was much higher for the NaOH washed sample (0.076 
compared to 0.028 for the HCl washed sample), which suggested a greater number of 
pyridine moieties were present at the surface in comparison to the acid-washed material. 
The film thickness could be estimated by using XPS when employing Equation 8.1, 
where I is the intensity of the photoelectron signal of interest, Iinfinite is the intensity 
expected for an infinitely thick film, t is the film thickness, and λ is the photoelectron 
attenuation length.[28, 29] 
 


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I
1
infinite
                                                                                              (8.1) 
 
 
This calculation can be used in conjunction with XPS data by substituting the N1s/C1s 
ratio of the sample of interest in place of I, and Iinfinite can be substituted with the 
N1s/C1s ratio of P4VP starting material. The photoelectron attenuation length was 
estimated by following Equation 8.2, where B is a material parameter equal to 0.087 for 
organic layers and Ekin is the energy of the photoelectron of interest.[30, 31]  
 
kinEB                                                                                                (8.2) 
 
The photoelectron attenuation length (λ) for an N1s photoelectron that has been excited 
with Al Kα radiation through an organic overlayer is approximately 2.8 nm. This 
approximate calculation estimated an average shell thickness of 0.8 and 3.2 nm for the 
acid and alkali washed core-shell carbon nanoparticles, respectively (with an error of 
approximately 15 %). The acid washed particles presented a decreased average shell 
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thickness, which could have been attributed to structural changes in the shell; however, 
the assumption of the validity of Iinfinite for both cases was uncertain. Generally, a shell 
thickness of approximately 2-4 nm for the thin shell material is consistent with 
observations for chitosan-wrapped nanoparticles.[20] 
 
8.4.2 Electrochemical Characterisation I: Capacitive Responses 
When the ethanolic suspension was drop-cast onto a glassy carbon electrode, a black 
water-insoluble film was produced. The modified electrode was then placed directly into 
an electrochemical cell with PBS and cyclic voltammetry (CV) experiments were 
performed. The initial deposition amount of core-shell nanoparticles was 60 µg, which 
resulted in an observed capacitance of approximately 1 mF [Figure 8.3(a)].   
 
 
Figure 8.3. (a) CVs (scan rate 10 mV s-1) in 0.1 M PBS at pH 5 for (i) 0 µg (ii) 6 µg (iii) 15 µg (iv) 45 µg (v) 60 µg. 
(b) CVs (scan rate 10 mV s-1) with 45 µg deposit of core-shell nanoparticles in 0.1 M PBS at pH (i) 2 (ii) 5 (iii) 7 (iv) 
9 (v) 12. (c) Plot of capacitance as a function of pH. (d) Zeta potential measurements in 0.1 M PBS for (i) Emperor 
2000 CNPs and (ii) for P4VP-wrapped carbon nanoparticles. 
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The capacitance of the core-shell nanoparticle film was investigated as a function of 
buffer pH [see Figure 8.3(b) and (c)]. The lowest capacitance in the pH range 2 - 12 was 
observed when the pH of 0.1 M PBS was at pH 2 and at alkaline pH values. At 
approximately pH 5 there was a considerable increase in the capacitance to 0.65 F (the 
specific capacitance was calculated to be 13 Fg
-1
). When the pH was increased above pH 
5, the capacitance decreased again. The zeta potential of the particles was measured and 
showed that the PZC of the core-shell material occurred at approximately pH 4.5 [see 
Figure 8.3(d)]. The similarity between the point of maximum capacitance and the PZC 
suggested a link between the capacitance and the zeta potential associated with the 
presence of ionic charges in the shell (assuming no significant losses of the charged 
material into the solution). 
 
8.4.3 Electrochemical Characterisation II: Faradaic Responses  
To further investigate the surface charge of the core-shell material, the coated electrodes 
were immersed into either a cationic or anionic redox-active dye and investigated as a 
function of concentration. Methylene blue (0.1 M) was used as a positively charged 
adsorption probe (Figure 8.4), which showed a steady increase in current as the 
concentration of the dye solution was increased [pH 7, Figure 8.4(a)]. The charge under 
the curve was extracted, see Figure 8.4(b) and was shown to exhibit Langmuir-type 
behaviour with a maximum charge of approximately 9 × 10
-4
 C, which equates to 2.8 × 
10
15
 methylene blue molecules adsorbed into the core-shell nanoparticle film (assuming 
a two-electron process).[32] Interestingly, at lower concentrations the oxidation, 
reduction, and mid-point potentials all increased with increasing concentration of dye 
before reaching a plateau, see Figure 8.4(c). The variation in mid-point potential could 
have been associated with a change in the relative binding energy, that is, at higher 
concentrations the reduced form becomes more stable. 
Indigo carmine (0.1 M, pH 3) was used as a negatively charged adsorption probe 
(Figure 8.4), as the concentration of the dye increased, the charge under the curve 
increased in a way that was consistent with methylene blue at pH 7 [see Figure 8.4(d)]. 
The charge under the curve once indicated a Langmuir-type curve that plateaued at 
approximately 3.3 × 10
-4
 C, see Figure 8.4(e). This corresponded to a maximum number 
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of adsorption sites on the core-shell nanoparticulate film of approximately 4.1 x 10
15
 
(assuming a two-electron process).[33] The oxidation and reduction peak-to-peak 
separation at low concentrations was approximately 75 mV, which increased with 
increasing concentration to 95 mV. After the concentration reached 0.5 mM, the 
oxidation and reduction peak potential remained constant. The mid-point potential 
remained approximately constant over the entire concentration range, see Figure 8.4(f).  
 
 
Figure 8.4. (a) and (d) CVs (scan rate 10 mV s-1) for 45 µg nanoparticle deposit dipped in dye solution for 5 minutes 
at concentrations of (i) 5 µM, (ii) 10 µM, (iii) 50 µM, (iv) 100 µM, (v) 250 µM, (vi) 500 µM, (vii) 1 mM, (viii) 1.5 
mM and (ix) 2 mM in 0.1 M PBS  (pH 7 for methylene blue and pH 3 for indigo carmine). (b) and (e) Plot of charge 
vs. concentration of dye. (c) and (f) Plot of peak potential vs. concentration of dye for (i) oxidation potential, (ii) mid-
point potential and (iii) reduction potential. 
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Zeta potential measurements showed that the PZC of the core-shell CNPs occurred at 
approximately pH 4.5. Therefore, the effect of dye adsorption at different pH values 
both above and below pH 4.5 was investigated. Methylene blue, a cationic dye, showed 
the greatest Faradaic response at pH 7 [see Figure 8.5(a)]. The Faradaic current 
progressively decreased in intensity as the pH became more acidic. This provided 
evidence that at higher pH values the surface/shell of the nanoparticles possessed more 
anionic character. Interestingly, when the experiment was repeated for indigo carmine, 
an anionic dye, the opposite trend was observed. In this case, the greatest current was 
obtained at pH 3 [see Figure 8.5(b)]. For both the anionic and cationic dye, the pH 5 
signal showed a Faradaic current of a similar magnitude, which was consistent with 
equal amounts of positive and negative charges at the core-shell nanoparticle surface. 
 
 
Figure 8.5. CVs (scan rate 10 mV s-1) for (a) methylene blue and (b) indigo carmine in 0.1 M PBS at pH (i) 7 (ii) 5 
(iii) 3. Also shown are plots of (i) oxidation peak, (ii) mid-point, and (iii) reduction peak potentials for (c) methylene 
blue and (d) indigo carmine. 
 
When considering the oxidation peak, reduction peak, and mid-point potentials, a 
Nernstian shift of approximately 60 mV per pH unit can be observed. A decrease in 
peak-to-peak separation occurred at lower dye loading [see Figure 8.5(c) and (d)]. Most 
importantly, the presence of positive and negative binding sites in equal quantities at pH 
values close to the PZC has been implied for this type of core-shell nanoparticle 
material. In conjunction with the observation of the maximum capacitance at the PZC a 
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simplified model is proposed in Figure 8.6. Immobilised cationic (pyridinium-like) and 
anionic (carboxylate-like) functionalities existed in the shell as a function of the 
solution pH. In the absence of additional electrolyte ions (such as in the case of a dense 
shell) under acidic conditions, the resultant material included a shell that was positively 
charged. Under alkaline conditions the shell had more excess anionic charges. At the 
PZC approximately equal amounts of positive and negative charges were present that 
allowed the extent of the double layer to decrease with a resulting increase in 
capacitance, that is, the dielectric properties of the shell contribute to the observed 
capacitive current response.   
 
 
Figure 8.6. Schematic diagram of core-shell nanoparticles at different pH values to demonstrate the compression of 
the double layer at the PZC. 
 
 
8.5 Conclusions 
This investigation has demonstrated that hydrothermal wrapping of negatively charged 
carbon nanoparticles with a poly-(4-vinyl-pyridine) precursor polymer results in the 
formation of a functional shell with strongly pH-dependent properties. The chemical 
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structure of the carbonised material is not well-defined; however, pyridinium and 
carboxylate functionalities have been identified as positive and negative charge bearers, 
respectively. By adjusting the shell thickness, it was possible to prepare a material with a 
maximum capacitive current (approximately 13 Fg
-1
 for the specific capacitance) at the 
PZC, this allowed for a model of “double layer compression” within the shell to be 
proposed. This type of core-shell nanomaterial and similar functionalised materials 
could be useful for future sensing applications. The proton-sensitivity function could be 
developed into a series of more selective response mechanisms, for example to detect 
analytes such as heavy metals, pollutants, glucose, or trace bio-markers. Further possible 
synthetic methodologies to prepare highly functionalised materials could involve the 
post-hydrothermal synthetic modification of the shell or the impregnation of redox 
systems into the shell. The molecular weight distribution of the precursor polymer 
wrapping agent could also have a significant effect on the properties and uniformity of 
the resulting materials.  
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9.1. Conclusions 
This thesis demonstrates that carbon nanoparticles remain important classes of carbon-
based nanomaterials. Carbon nanoparticles possess a number of properties that render 
them useful in a vast range of applications. Herein, it is documented that the functional 
groups on the surface of carbon nanoparticles can be tailored to prepare a number of 
useful carbon-based nanostructures. In this thesis, the synthesised and modified 
nanoparticles are demonstrated to have important fluorescent or electrochemical sensing 
applications. The preparation methods for novel carbon nanomaterials are presented and 
the potential uses are investigated.  
 
Carbon blacks are the basis of much of the research that is presented. Namely, Emperor 
2000, a commercial bulk-produced carbon black available from Cabot Corporation, is 
the starting material for many of the new carbon nanoparticles. The surface of Emperor 
2000 is modified by using a number of chemical methods: the first modification 
presented herein utilises a physisorption mechanism through π-π stacking. The 
interactions between the delocalised π cloud of pyridine ring systems and the π electrons 
at the carbonaceous core of Emperor 2000 nanoparticles allow pyrene-based compounds 
to be attached to the surface of the carbon nanoparticles. This methodology results in 
nanoparticles with a carbon core and surface boronic acid functionality, which is 
effective in the electrochemical detection of catecholic caffeic acid. By using cyclic 
voltammetry, it is clear that, compared to caffeic acid adsorbed directly onto a graphitic 
surface, the carbon nanoparticle-based system enhances the electrochemical output and 
allows for further insight to be sought into the electrochemical mechanism, see 
Figure 9.1. The redox signals for the modified nanoparticle-based sensor allow the 
fluxionality to be considered and investigated. This discovery highlights the potential to 
detect other important molecules that contain the ortho-quinone functionality by using 
this new versatile sensing platform to obtain high sensitivity and probe the modes of 
attachment during the redox process. 
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Figure 9.1.  (A-C) Cyclic voltammograms (50 mV s-1) with increasing caffeic acid concentration from (i) 0.0, (ii) 
2.5, (iii) 5.0, (iv) 7.5 (v) 10.0, (vi)12.5, (vii) 15.0, (viii) 17.5, (ix) 20.0, (x) 22.5, to (xi) 25 M with (A) T1-modified, 
(B) T2-modified, and (C) T3-modified CNPs (15 g) deposited onto a graphite electrode. (D-F) Cyclic 
voltammograms (50 mV s-1) with increasing caffeic acid concentration from (i) 0.5, (ii) 1.0, (iii) 1.5, (iv) 2.0 (v) 2.5, 
(vi) 3.0, (vii) 5.0, (viii) 8.0, to (ix) 10.0 M with (D) T1-modified, (E) T2-modified, and (F) T3-modified graphite 
electrode immersed in 0.1 M phosphate buffer solution at pH 7. 
 
In addition to physisorption methods, Emperor 2000 carbon nanoparticles are also 
subjected to synthetic methods to covalently functionalise the surface with desired 
groups. Emperor 2000 particles are commercially produced with phenylsulphonic acid 
functionality on the surface. Herein it is shown that modifying the surface with 
dioctylamine affords carbon nanoparticles with an extremely hydrophobic character. 
These modified nanoparticles are demonstrated to be important substrates for probing 
lipophilic redox systems and lipid character under different experimental conditions. 
Coenzyme Q10 is directly immobilised into a composite film of the modified 
nanoparticles and lipid; the voltammetric response was greatly enhanced. The high 
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surface area hydrophobic carbon nanoparticles provide a support for coenzyme Q10, and 
because of their hydrophobic nature; the modified particles can be combined with lipids 
to mimic membrane processes. The presence of the lipid also enhances the 
electrochemical response, see Figure 9.2. The cyclic voltammograms in Figure 9.2A 
were obtained with 1 nmol coenzyme Q10 (over pH range 2 to 12) contained within a 
modified nanoparticle-coenzyme Q10 deposit, and those in Figure 9.2B were obtained 
over the same pH range in the presence of lipid and correspond to only 0.1 nmol 
coenzyme Q10, that is, an order of magnitude less redox-active material. The clear peaks 
and uniform shift observed for the lipid-containing composite simplify the response and 
allow for further insight to be obtained at much lower concentrations. It should also be 
noted that for the composite without lipid, 0.1 nmol was almost indistinguishable from 
the background capacitive current. In short, a new and versatile carbon nanomaterial is 
produced and in combination with a lipid is demonstrated as an effective and sensitive 
probe for hydrophobic redox systems and lipid-based processes. 
 
 
Figure 9.2. Cyclic voltammograms (scan rate 10 mVs-1) for the reduction and back-oxidation of (A) 1 nmol Q10 in 15 
g CNP immobilised at a glassy carbon electrode and immersed in aqueous 0.5 M PBS at pH (i) 12, (ii) 7, and (iii) 2. 
(B) 0.1 nmol Q10 in 25 nmol DMPC and 15 g CNP immobilised at a glassy carbon electrode and immersed in 
aqueous 0.5 M PBS at pH (i) 12, (ii) 10, (iii) 7, (iv) 5, and (v) 2. 
 
The composite films of hydrophobic carbon nanoparticles, lipid, and coenzyme Q10 are 
also investigated under different reaction conditions, that is, at different temperatures 
and different pH environments. It is clear that the pH value of the system has an effect 
on the electrochemical behaviour of the coenzyme Q10 redox couple; however, perhaps 
more interestingly, the temperature exacerbates the pH effect. The reasons are unclear; 
however, a change in the phase of the lipid occurs at approximately 24 
o
C, which is 
detectable by electrochemical methods. This gel-fluid transition results in a change in 
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mechanism; which differs depending on the surrounding environment being acidic, 
neutral, or alkaline. This study demonstrates the versatility of the carbon-based 
composite, demonstrates the ability of electrochemical methods to detect phase changes, 
and highlights mechanistic challenges that are introduced with temperature and pH. 
Fluorescent carbon nanodots are another important class of carbon nanoparticle. Herein, 
the facile hydrothermal synthesis of carbon nanodots is described. These nanodots, 
synthesised from poly(4-vinyl pyridine), contain surface pyridine and pyridinium 
species as determined by a range of characterization methods. This novel carbonaceous 
material exhibits two-photon fluorescence that is observed in solution and also in HeLa 
cells. The nanodots are demonstrated to have the potential to be developed into 
nanomedicines and biocompatible scaffolds for new drug delivery mechanisms as they 
retain their intrinsic fluorescence properties inside cells and they do not appear to cause 
any significant detrimental impact to HeLa cells, even after one hour of incubation 
(Figure 9.3). This proves to be an important development for biocompatible and 
traceable imaging probes. 
 
Figure 9.3. Two-photon confocal fluorescence (λex = 910 nm)  for P4VP C-dots in 1:99 DMSO: EMEM after 
incubation for 1 hour; intensity image in cell membrane (a), in cell medium (d) and inside the cell (g); lifetime 
mapping in cell membrane (b), in cell medium (e), and inside the cell (h);  fluorescence decay in cell membrane (c), 
in cell medium (f), and inside the cell (i) 
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The final carbon-based nanomaterial that is documented in this thesis shows the 
combination of carbon black nanoparticles with the hydrothermal methodology that 
yielded the novel carbon dots. When the two materials, that is, Emperor 2000 and 
poly(4-vinyl pyridine), and subjected to hydrothermal carbonisation procedures, a novel 
core-shell carbon nanomaterial was produced. The shell exhibits strong pH-dependent 
properties. The chemical structure of the carbonised material is not well-defined; 
however, pyridinium and carboxylate functionalities are identified as positive and 
negative charge bearers, respectively. A core-shell carbon nanomaterial is prepared with 
a maximum capacitive current (approximately 13 Fg
-1
 for the specific capacitance) at 
the point of zero charge, see Figure 9.4. This is achieved by adjusting the thickness of 
the shell with respect to the core, which can be attributed to a shell charging effect. This 
type of core-shell nanomaterial and similar functionalised materials could be useful for 
future sensing applications.  
 
 
Figure 9.4. (A) Plot of capacitance as a function of pH. (B) Zeta potential measurements in 0.1 M PBS for (i) 
Emperor 2000 CNPs and (ii) for P4VP-wrapped carbon nanoparticles. 
 
The straightforward synthesis, modification, and application methods developed in this 
thesis demonstrate the effectiveness and the versatility of carbon nanoparticles. This 
class of nanomaterial is generally outclassed by modern and more fashionable carbon 
nanotubes and graphene-based systems. However, carbon nanoparticles are more cost 
effective and readily available carbon-based nanomaterials that can be used for a wide 
range of applications, including some of those applications in which other nanocarbons 
are currently being utilized. This thesis demonstrates that carbon nanoparticles can be 
synthesised and modified to attain desirable properties and characteristic by using facile 
methodologies and accessible chemistry. 
